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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and

non-governm

ental, in liaison with 1SQ _ also take part in the work 1SO collaborates closely with the

International

International

The main tagk of technical committees is to prepare International Standards. Draft International Stan
adopted by fhe technical committees are circulated to the member bodies for voting.CPublication 3

International

Attention is

rights. 1ISO shall not be held responsible for identifying any or all such patent rights.

ISO 28640 w

This is the fin

Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part'2.

Standard requires approval by at least 75 % of the member bodies casting-a Vote.

rawn to the possibility that some of the elements of this document may be the subject of

as prepared by Technical Committee ISO/TC 69, Applications of statistical methods.

5t edition.

Hards
s an

atent
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Introduction

This International Standard specifies typical algorithms by which the users can regard the generated
numerical sequences as if they were real random variates.

Nowadays most statisticians, scientists and engineers have enough computer power at their disposal to carry
out I3 rge computer simulations_and it is impnrfant that these bhe based on sound Inqplldn-mndn N generators_

This nternational Standard has been developed to help ensure that randomization, where neédgd, is carried
out correctly and efficiently.

Six upes of randomization can be identified in statistical standardization:

— gelection of a random sample;

— analysis of sample data;

— development of standards;

— g¢hecking theoretical results;

— demonstrating that a proposed procedure has the properties claimed of it;

— 1esolving uncertainty in the statistical literature.

© 1SO 2010 — All rights reserved Vv
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Random variate generation methods

1

This

Mont

2

The

refergnces, only the edition cited applies.(For undated references, the latest edition of th
document (including any amendments) applies.

ISO/IEC 2382-1, Information technology — Vocabulary — Part 1: Fundamental terms

ISO 3534-1, Statistics — Vocabulary and symbols — Part 1: General statistical terms and tg
probability

ISO 3534-2, Statistics = Vocabulary and symbols — Part 2: Applied statistics

3 Terms and definitions

For the putposes of this document, the terms and definitions given in ISO/IEC 2382-1, 1S
ISO 3534-2 apply, except where redefined below.

31

Scope

International Standard specifies methods for generating uniform and non-uniform randon

fesearchers, industrial engineers or experts in operations management, who use-statistical si

q
gurveys,

pplied mathematicians who plan complex optimization proceddres that require the use of
ethods, and

goftware engineers who implement algorithms for random-variate generation.

Normative references

following referenced documents are indispensable for the application of this documen

variates for

e Carlo simulation purposes. Cryptographic random number generation methods are\not ifcluded. This
International Standard is applicable, inter alia, by

mulation,

tatisticians who need randomization related to SQC methods, statistical-design of experiments or sample

Monte Carlo

t. For dated
b referenced

rms used in

3534-1 and

random variate
random number
number as the realization of a specific random variable

NOTE 1 The term “random number” is often used for uniformly distributed random variate.

NOTE 2 Random numbers provided as a sequence are called a “random number sequence”.

© 1SO 2010 — All rights reserved
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3.2

pseudo-random number
random number (3.1) generated by an algorithm, that appears to be random

NOTE

3.3
physical ran

dom number

random number (3.1) generated by a physical mechanism

34
binary ran

d
random nurxber (3.1) sequence consisting of zeros and ones

3.5
seed
initialization

4 Symbg

41

For the purp
ISO/IEC 238

The symbols
X integert
U standarg
Z normalr

suffix of

4.2 Mathge
The mathem
mod(m; k)
m®k

EXAMPLE 1

Symbpls

alue required for pseudo-random number generation

)ls and mathematical binary operations

pbses of this document, the symbols given in the normative references as the latest versio
P-1, 1ISO 3534-1 and ISO 3534-2 apply, except where redefined below.

and abbreviations specifically used in this Internatioenal Standard are as follows:
ype uniform random number

uniform random number

pndom variate

random number sequence

matical binary operations

htical binary operations specifically used in this International Standard are as follows:
residue from_dividing integer m by &

bitwiseexclusive logical disjunction of binary integers m and &

1® 1=0

If there is no fear of misunderstanding, a pseudo-random number may simply be called a “random number”.

ns of

0@1=1

1©0=1

0©0=0

1010 ® 1100 = 0110

© 1SO 2010 — All rights reserved
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mAak bitwise logical conjunction of binary integers m and k
EXAMPLE 2 1TA1=1

0A1=0

1A0=0

0A0=0

1010 A 1100 = 1000

m=f replaces value m by k
m >>k k-bit right shift of binary integer m
m <<k k-bit left shift of binary integer m

5 Uniformly distributed pseudo-random numbers

5.1 | General

This |clause provides algorithms for generating uniformly distributed pseudo-random numbefs based on
M-sefjuence methods (see 5.2).

Annex A introduces the concept of physically generated random numbers for information.
Annex B includes C and full Basic codes for all-the recommended algorithms for information. JAlthough the

linear congruential method is not recommendéd for complex Monte Carlo simulations, it is alsp included in
Annex B for information.

5.2 | M-sequence method definition

a) let p be a natural number; and ¢4, ¢y, ..., ¢,_ 1 be specified to be 0 or 1, and define the recurrence
formula

Xnap=Cpo1Xpsp A€y 2%, 4y ot 01X, 11X, (mod2) (n=1,2,3,..)

b) The least positive integer N such that x, , ,, = x,, for all » is called the period of the sefuence. This
gequence is ‘¢alled an M-sequence in cases where its period is 2P — 1.

c) The pelynomial

AL v o =1 [
L |pp_1p T €

£ 11
T

is called the characteristic polynomial of the above-mentioned recurrence formula.

NOTE 1 A necessary and sufficient condition for the above-mentioned recurrence formula to generate an M-sequence
is that at least one of the seeds x4, x,, ..., X, is not zero.

NOTE 2  The letter M of the M-sequence originates from the English word “maximum?”, which means the largest. The
period of any sequence generated by the above recurrence formula cannot exceed 2” — 1. Therefore, if there is a series
that has a period of 2 — 1, it is the series that has the largest period.

NOTE 3  When this method is used, either one of the polynomials listed in Table 1 or another primitive polynomial listed
in the literature is chosen as the characteristic polynomial and its coefficients are used to define the recurrence formula
in a).

© 1SO 2010 — All rights reserved 3
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5.3 Pentanomial GFSR method

This method uses a characteristic polynomial of 5 terms, and it generates binary integer sequences of w bits
by the following recurrence formula. This algorithm is called the GFSR or “generalized feedback shift register”

random number generator.

Xy ip=X s 1 ®X, 4 p®X, . 3®X, (1=1,2,3,.)

n

The parameters are (p, g1, g2, ¢3, w) and X3, ..., Xp are initially given as seeds. Examples of parameters p, ¢4,
g2, q3 giving the largest period 2” — 1 are indicated in Table 1.

Table 1 — Pentanomial characteristic polynomials

p q1 q2 q3
89 20 40 69
107 31 57 82
127 22 63 83
521 86 197 447
607 167 307 461
1279 339 630 988
2203 585 1197 1656
2281 577 1109 1709
3217 809 1621 2 381
4 253 1093 2254 3297
4423 1171 2273 3299
9689 2799 5463 7712
NOTE g1, 42, q3 represent exponents of the non-zero terms of the
characteristic polynomial.

5.4 Comhbined Tausworthe method

Let xq, x4, x5, ... be an M-seguence generated by the recurrence relationship:

x =X +q+xn(m0d2) n=0,1,2,..)

n+p

Using this M-seguénce, a w-bit integer sequence called a simple Tausworthe sequence with parameters
(p, q, ) is obtpined as follows:

X, =X Xpp 1 Xpyprw—q @=0,1,2,..)
where
t is a natural number which is coprime to the period 2” — 1 of the M-sequence;

w is the word length which does not exceed p.

The period of this sequence is also 2P — 1.

NOTE 1 Two integers are said to be coprime, or relatively prime, when they have no common divisors other than unity.

4 © 1SO 2010 — All rights reserved
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EXAMPLE If a primitive polynomial 74 + ¢+ 1 is chosen, set p = 4, and ¢ = 1 in the above recurrence relationship. If
the seeds (x,, x4, x,, x3) = (1,1,1,1) are given to the recurrence, then the M-sequence obtained by the recurrence will be
1,1,1,1, 0,0,0,1, 0,0,1,1, 0,1,0,1, 1,1,1,0, ... , and the period of the sequence is 24-1=15. Taking, for example, t=4

which is coprime to 15, and w = 4, the simple Tausworthe sequence {X,} with parameters (4, 1, 4) is obtained as follows:
Xy = xgxqxx3 = 1111 (= 15)
X, = xyx5xg%7 = 0001 (= 1)

Xy = xgxgxqg¥qq = 0011 (= 3)

X3 =X1 1351250 = 0T0T(=5)
X4 = x4x5%3%, = 1110 (= 14)
X5 = x5xgx7xg = 0010 (= 2)

The gimple Tausworthe sequence obtained in this way will be, in decimal‘notation, 15, 1, 3, 5, 14| 2, 6, 11, 12,
4,13[7,8,9,10,15,1, 3, ..., and its period is 24 — 1 = 15.

Suppose now that there is a multiple, say J, of simple Tausworthevsequences {Xn(i)}, j=1, 2, |.., J with the
samg word length w. The combined Tausworthe method isva technique that generates a [sequence of
pseuflo-random numbers {X,} as the bitwise exclusive logicakdisjunction in the binary representation of these
J sequences.

X,=x, ox% e . .®xV) »n=012..)

The parameters and the seeds of the combinéd Tausworthe sequence are combinations of th¢ parameters
and the seeds of each simple Tausworthe sequence. If the periods of the J simple Tausworthe s¢quences are
coprime, then the period of the combined’ Tausworthe sequence is the product of the peripds of the J
sequences.

NOTH 2 This method can generate sequences with good multidimensional equidistribution charagteristics. The
algorithm taus88 31( ) given in Annex A generates a sequence of 31-bit integers by combining three simple Tausworthe
generptors with parameters (pg,-7) = (31, 13, 12), (29, 2, 4), and (28, 3, 17), respectively. The period length of the
comb|ned sequence is (231 ~1)(22° — 1)(228 — 1), i.e. about 288 Many other combinations are suggested in References [7]
and [§] in the Bibliography.

5.5 | Mersenne‘Twister method

Let X, be acbinary integer of w bits. Then, the Mersenne Twister method generates a sequence of binary
integer pseudo-random numbers of w bits according to the following recurrence formula with inte$er constants
P, ¢,  and'a binary integer « of w bits.

‘Xvﬂ"'p:‘Xvﬂﬁ'q@(XflllXill+1)(r)A’ (n:1’ 2’ 3’ "')

where (XT,1X', 1)) represents a binary integer that is obtained by a concatenation of Xf, and X!, , 4, the first
w — r bits of X, and the last r bits of X, , 4 in this order. A is a w x w 0-1 matrix, which is determined by @, and
the product XA is given by the following formula.

X >> 1 (when the last bit of X = 0)

XA = (X>>1) @ a (when the last bit of X = 1)

Here, X is regarded as a w dimensional 0-1 vector.

© 1SO 2010 — All rights reserved 5
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The necessary amount of memory for this computation is p words, the period becomes 2°*7 -1, and the

efficiency is better than that of the GFSR methods described previously. To improve the randomness of the first w — r bits,
the following series of conversions can be applied to X,,.

y=X,
y=y®(y>>u)
y=y®[(y<<s)Ab]
y=y®[(y<<t)ac]
y=y®[y>>1I)
where b, ¢ afe constant bits masks to improve the randomness of the first w — » bits. The parameéters d

algorithm arg

The final vall

6 Gener;

6.1 Introd

Methods of ¢
integer type,

The distribut
denoted by f{

6.2 Unifo
6.2.1

6.2.1.1

) ={

Standard uniform distribution

Probability density function

(g, v, w,a,u,s,t1,b,c). The seeds are X, ..., X,

4+ 1 and the first w — r bits of Xt

e of y is the pseudo-random number.

ation of random numbers from various distributions

uction

enerating random numbers Y from various distributions by using uniform random numbers
are described below.

on function is denoted by F(y). If it is a contindous distribution, its probability density funct
y), and if it is a discrete distribution, its probability mass function is denoted by p(y).

'm distribution

6.21.2 R

If the maximpm,value of uniform random number X of integer type is m — 1, the following formula shoJ
used to gendrate standard uniform random numbers.

1 O0<y<1
0, otherwise
ndom variate generation method

f this

X of

on is

Id be

U==
m

EXAMPLE

NOTE 1

NOTE 2

For any w-bit integer sequences generated by the method described in 5.2 through 5.5, m = 2.

Because X takes on discrete values, the values of U are also discrete.

random numbers, any generation method may cause this phenomenon.

NOTE 3

. They are assumed to be independent of each other.

The value of U never becomes 1,0. The value of U becomes 0,0 only when X = 0. In the case of M-sequence

Random numbers from the standard uniform distribution are called standard uniform random numbers, and
are represented by U,, U,, ..

© 1SO 2010 — All rights reserved
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6.2.2 General uniform distribution
6.2.2.1 Probability density function

b, a<y<a+b
/I )_{ 0, otherwise

where b > 0.

6.2.2.2 Random variate generation method

If thel standard uniform random number U is generated by the method specified in 6.2.1.2, thelt the general
unifofm random number should be generated by the following formula:

V =bU +a
6.3 | Standard beta distribution

6.3.1| Probability density function
_ d-1

yc 1(1_ y)
f(v)= B(c,d)
0, otherwise

0<y<1

1 _
wherg B(c, d) = -[oxc_1 (1— x)d ! dx is the beta function“and the parameters ¢ and d are greater than 0.

6.3.2] Random variate generation method by Johnk

If the] standard uniform random numbefs U/, and U, are independently generated by the method specified in
6.2.1| then the standard beta random number Y should be generated by the following procedures

If Y4 U11/C +U;/d is less than-or/equal to 1, set Y:U11/C/I7; otherwise, generate two stanflard uniform
random numbers again until.the-inequality is satisfied.

6.3.3] Random variate generation method by Cheng

If the] standard uniform random numbers U, and U, are independently generated by the method specified in
6.2.1| then thesstandard beta random number Y should be generated by the following procedures

[Set-Up]
a) Let
min(c, d), if min(c,d) <1
1= /M otherwise
c+d-2
[Generation]
b) Let
1 Uy
=— W =cexp(V
P cexp(V)

© 1SO 2010 — All rights reserved 7
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c) If
c+d)n| <FL k(4 g —Ind = InW2U,)
d+w 1 e
then employ
= s ; and stop.
w
d) Generate-tt5and-gotob)
V=1—U1—(c+d)ln ctd +(c+q)lV -Ind >In(UZU,) W
q1—U1 d+W d+W

Johnk's metH

NOTE G
the one descri

6.4 Triangular distribution

6.4.1

f)=

where b > 0.

6.4.2 Rand

If the standa
6.2.1, then tH

6.5 Gene

6.5.1 Prob

SO =

Probability density function

od is recommended when max(c, d) < 1; otherwise, Cheng's method is recommended.

b—la-y|
b2
0,

, a-b<y<a+bd

otherwise

om variate generation method

fd uniform random numbers-U, and U, are independently generated by the method specif
e triangular random number Y should be generated by Y =a+b{U+Uy —1).

al exponentialdistribution with location and scale parameters

hbility density function

%eﬂﬂ—w—awbkyza

where ¢ and

6.5.2 Rand

: ry<da

b are the location and scale parameters of the exponential distribution, respectively.

om variate generation method

eneral beta random variates with the support [¢, a + b] will be obtained by a lin€éar transformation sinilar to
bed in 6.2.2.2.

ed in

If the standard uniform random number U is generated by the method specified in 6.2.1, then the general
exponential random number should be generated by

Y==>bIn(U)+a

© 1SO 2010 — All rights reserved
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6.6 Normal distribution
6.6.1 Probability density function

1
2052

f(z)- ijexp{— (z—u)z},_wzw

where 1 and o are the mean and standard deviation of the normal distribution, respectively.

NOTE The symbol Z is used for a normal random variate.

6.6.2| The Box-Miiller method

If the] standard uniform random numbers U, and U, are independently generated by the method specified in
6.2.1| then two independent normal random numbers Z,, Z, will be generated by the following prgcedures:

/1 = p+0,-2In(1-Uq) cos(2nU,)
V2 = i+ 0,-2In(1-Uy4) sin(2nU5)

NOTE 1  Since U, is not continuous, Z,, Z, cannot be normally distfibuted in a strict sense. For example, using this
procefure, the wupper bound of the absolute value of \the pseudo-standardized normal| variates is
M ={-2In(m™") =/2Inm; thus, when m =232, M ~6,660 4, and when m=23"-1, M ~6,5555. Howeyer, since the
probability that absolute values of random variables from a true_standard normal distribution exceed M is on|y about 1019,
this Wil rarely be a problem in practice.

NOTHE 2  When generating U,, U,, by a linear congruential method sequentially, U; and U, are not indepgndent of each
other) so the tail of the distribution of the generated Z; and Z, can depart considerably from the true normal distribution.

6.7 | Gamma distribution

6.7.1| Probability density function

1
f () =14 bI'(c)
0, otherwise

[(r-ayb¥ exp{~(y—-a)/b}, y>a

whereg a, b, ¢ aréythe location, scale and shape parameters of the distribution, respectively.

6.7.2] Random variate generation methods

6.7.2.1 General

Algorithms are given for three special cases depending on the shape parameter value ¢ as follows.

6.7.2.2 Case of c =k (k: integer)

Using independent uniform random numbers Uy, U, ..., U;, the transformation formula
Y =a-bIn{(1-Uy)(1-Uy)...(1-U})}

should be used.

© 1SO 2010 — All rights reserved 9
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b=2.

6.7.2.3

Using a stan
formula

2010(E)

Case of c =k + 1/2 (k: integer)

dard normal random number Z; and uniform random number Uy, U,, ...

Y=a +b[z§ /2—In{(1—U1)(1—U2)...(1—Uk)}]

The chi-squared distribution with even degrees of freedom can be generated by this method when « =0 and

, U, the transformation

should be us
NOTE TH
b=2.

6.7.2.4

a) Set r=¢
b) Generat
c) IfZ<«yq,

d) Setry=

e) If(Y-r)
f) Setw=
g) fw<Uy
h)y Ifw>-l
NOTE TH

standard nortr
dependency is

d. 1nithe Case whnere k= U, ine |ogarilnm erm oisappears.

e chi-squared distribution with odd degrees of freedom can be generated by this method when)a =

Approximate generation method when ¢ > 1/3

—113, s =¥r, t=r—rin(r), p =1/(3'5) and g=-37.
e standard normal random number Z.

hen go to b).

pZ+S)3, V=22 /2,and generate U.
/Y — V < U, then employ Y := a + bY and stop.
Y—rin(Y)—¢t-V.

then employ Y := a + bY and stop.

N(1,0 — U), then go to b).

is method is based on the_Wilson-Hilferty transformation of chi-square distributions to an appro
hal distribution. The accuracy of this approximation depends on the parameter values of ¢, ar
rather complicated. A-very rough idea is as follows: the absolute difference between the percentagq

of the approxifnate distribution and-the exact distribution is always less than 0,2.

0 and

imate
d the
point

6.7.2.5 Exact generation method when ¢ > 1/2, by Cheng
a) Setg=d-In4dand r=c+~2c-1.
b) Generatestandard uniform random numbers [, and Uy
U1 2
c) SetV=c In(1 U )W =cexp(Us),Z=U{"Uy and R=q +rV - W.
—U4
d) IfR>4,5Z-(1+In4,5)then employ Y =a + bW and stop.
e) IfR > InZthen employ Y=a + bW and stop.
f) Gotob).
10 © 1SO 2010 — All rights reserved
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6.9

6.9.1

wher

6.9.2

Using
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p
p=1/2c-1, g=c—In4 r=c++2c-1 q+prln[ Us ]—c(1U1 j ;4,5(U12U2)—(‘I+In4,5)

1-U4 -Uq

p
Y=a+bc Yi
1-U,

Weibull distribution

Probability distribution function

y—a)
F(y) = 1'““’{_[ b j} y=4a

0, y<a
e o, b and ¢ are the location, scale and shape parameters of the distribution,‘respectively.

Random variate generation method

standard uniform random numbers U are generated by the fmethod specified in 6.2.1,
ull random numbers are generated by the following formula:

Y=a-b{n(1-U)} Ve

Lognormal distribution

Probability density function

1 1( y<dF
()= ﬂ{(y-a)/b}exp{_i(yb j} e

0, y<a

b ¢ and b are the location and scale parameters of the normal distribution, respectively.
Random variate)generation method

standard nefmal random numbers Z,

V' =a+exp(b2)

gene

rates lognormal random numbers.

then general

6.10

Logistic distribution

6.10.1 Probability function

F(y)=

1
1+exp{—(y—a)/b}’

—co< y< oo

where a and b are the location and scale parameters of the distribution, respectively.

©I1SO

2010 — All rights reserved
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6.10.2 Random variate generation method

If standard uniform random numbers U are generated by the method specified in 6.2.1, then logistic random

numbers are

generated by

Y:a+bln[LJ
1-U

6.11 Multivariate normal random variate generation

Random nu

variances ar

normal randgm numbers Zy, ..., Z,.
Yy =t aq4Z4
Yy =ty apiZy +axZy

Y,

n

:ﬂn_+

where a4, ..
and covarian

NOTE o;
a) Set 011 E
b) Forj=2

6.12 Binon

n
d covariances o 1<,y

n) are generated as follows using mutually independent sta

S

an1Z1 + anzzz + ...+ annZn

, a,, are constants that are calculated before start of random number generation from varia
ces by following Cholesky factorization procedures, as given below.

(1 <i,j < n), 0;; means the variance of Y.

F\O11 5 41 = Oplagg (2 <i<n)

, ..., n set

Jj—1

_Zaikajk

]/a‘,, (j+1<i<n)
k=1

hial distribution

6.12.1 Probability mass function

nces

When some event occurs with probability p at each trial, the probability that this event occurs y times in # trials
is given by the following formula:

p(y) =(

ijy(1_p)n_y, y = Oa 1a e

where O<p < 1.

12
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6.12.2 Random variate generation methods

6.12.21 General
The following methods should be used for generating random numbers Y from this distribution.

6.12.2.2 Direct method

Generate n standard uniform random numbers U, and let Y be the number of these values of U that are less
than p.

6.12.2.3 Inverse function method

Compute the distribution function as follows:

Y
F(y) = Z(Z)pk(']—p)n_k, y=0,1..,n
k=0

Whemnever a random number is required, generate a standard uniform random number U, and| let Y be the
minimum y that satisfies U < F().

6.12.2.4 Alias method

First,|n + 1 parameters vy, v4, ..., v, and n + 1 other parameters qa, a4, ..., a,, are calculated by |the following
procgdures.

a) =mn+1)py),y=0,1,...,n
b) llet G be the set of suffices y that satisfies v, = 1 and S be the set of suffices y that satisfies 1|, < 1.

c) \WVhile S is not empty, repeat the following operations from 1) to 4).

1) Select any element i from G and any element j from S.

DO

)  Set aj=iand v, =5 (1 —vj).

3) Ifv;<1, delete_element i from G and move itto S.

B

) Delete-element; from S.

If thg preparations mentioned above are completed, a binomial random number Y will be|obtained by
performing the following operations d) to f).

d) Generate a standard uniform random number U, and set V= (n + 1)U.
e) Setk=(integerpartof )andu="V-k.

f)  Ifu <v, set Y=k otherwise, set Y =q,.

© 1SO 2010 — All rights reserved 13
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6.13 Poisson distribution

6.13.1 Probability mass function

The probability mass function of a Poisson distribution with mean u is defined as follows.

u’
p(y)=exp(—ﬂ)7, y=0,12 ..,

where u > 0.
6.13.2 MethLd of using a relationship with an exponential distribution
Generate standard uniform random numbers U,, U,, ..., and let Y be the maximum » that,satisfieg the
following inequality:
-In{(1-Y)(1-U5)...(1-U,)} < 1
6.13.3 Alias|method
First, select @ constant n for which the probability that Y > » is negligibly small, for example, the integer part of
U+ 6\/2 could be specified to be n. Then use the procedure 6.12.2.4 alias method of the binomial distribution;
however, thig time the probability mass function of the Poisson distribution shall be used for p(y).
NOTE THis method is efficient when g is of medium size (about 10:t0~100).
6.14 Discrete uniform distribution
For generating discrete uniform random variates from M to N, a binary » bit random number sequence
generated by the method standardized in 5.1 is. converted by the following procedures, where N- M+ 1 is
assumed to be not greater than 2.
a) Find the|natural number £ that satisfies-the following inequality:
e N+ 1< 2F
NOTE 1 Such k is the mibimum natural number that is equal to or greater than log, (N — M + 1),
EXAMPLE 1 When-¥ — M + 1 =100, k=7 because 26 + 1 =65 < 100 < 27 = 128.
b) Add 1 td the binary integer that is constructed from the first k£ bits of a random number, and conveyt the
result to|la decimal number.
NOTE2 A k bit binary number Z,Z,Z,Z,...Z, converts to a decimal number 2k~ 1z, + 2k=27, 4+ 2k=37, 4 2k-47,
+...+ Zk'
EXAMPLE 2 When the upper 7 bits are 1 011 001, the corresponding decimal number is 64 + 16 + 8 + 1 =89,
and the decimal random number becomes 89.
c) The required decimal random number is the converted decimal number plus M — 1 by skipping numbers
greater than N.
NOTE 3 When N — M + 1 is more than 2" the required decimal random number can be obtained by concatenating
two or more binary random numbers to get one binary random number.
14 © 1SO 2010 — All rights reserved
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NOTE 4 When using the linear congruential method for generating pseudo-random numbers, & shall not be
specified to be equal to r.

Further, when N — M + 1 is a decimal & digit natural number, and & is not too large, say £ is less than 20,
the method given in 5.2 can be used. The procedure is as follows.

d) Generate a decimal random number sequence of k digits by using procedure 5.2.

e) From the random number sequence which is generated by d) above, remove the numbers greater than N.
The sequence thus obtained is the required decimal random number sequence.

© 1SO 2010 — All rights reserved 15
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Annex A
(informative)

Table of physical random numbers

A.1 Table of random numbers

Physically ge
periodicity. T
of a property

nerated random numbers have no functional relationship like pseudo-random numbers! a||1d no

able A.1 shows a physically generated random number sequence obtained as measured v

of a random physical system.

Table A.1 — Physical random number table

Alues

1 93 [90 60 02 17 25 89 42 27 41 64 45 08 02 70 _42) 49 41 55 |98
2 |34 |19 39 65 54 32 14 02 06 84 43 65 97 97 6505 40 55 65 |06
3 [27 [88 28 07 16 05 18 96 81 69 53 34 79 84,83 44 07 12 00 |38
4 |95 |16 61 89 77 47 14 14 40 87 12 40 15 ~18 54 89 72 88 59 (67
5 |50 [45 95 10 48 25 29 74 63 48 44 06 18, 67 19 90 52 44 05 |85
6 11 (|72 79 70 41 08 8 77 03 32 46 28, 83 22 48 61 93 19 98 |60
7 19 |31 85 29 48 89 59 53 99 46 72 29 49 06 58 65 69 06 87 |09
8 14 |58 90 27 73 67 17 08 43 78 .7A™ 32 21 97 02 25 27 22 81 |74
9 |28 (04 62 77 82 73 00 73 83 17 27 79 37 13 76 29 90 07 36 |47
10 | 37 [43 04 36 8 72 63 43 21,06 10 35 13 61 01 98 23 67 45 |21
1M1 (74 (47 22 71 36 15 67 417 67 40 00 67 24 00 08 98 27 98 |56
12 [ 48 85 81 89 45 27 98 41. 77 78 24 26 98 03 14 25 73 84 48 |28
13 |55 [81 09 70 17 78 18\54 62 06 50 64 9 30 15 78 60 63 54 |56
14 122 [18 73 19 32 54 05 18 36 45 87 23 42 43 91 63 50 95 69 |09
15 [ 78 [29 64 22 97 (95~ 94 54 64 28 34 34 88 98 14 21 38 45 37 |87
16 [ 97 [51 38 62 0O5.83 45 12 72 28 70 23 67 04 28 55 20 20 96 |57
17 |1 42 [91 81 1652 44 71 99 68 55 16 32 83 27 03 44 093 81 69 |58
18 | 07 [84 27876 18 24 95 78 67 33 45 68 38 56 64 51 10 79 15 |46
19 [ 60 (31 ,%5> 42 68 53 27 82 67 68 73 09 98 45 72 02 87 79 32 |84
20 | 47 |10~ 36 20 10 48 09 72 35 94 12 94 78 29 14 80 77 27 05 |67
21 |73 63 78 70 96 12 40 36 80 49 23 29 26 69 01 13 39 71 33 17
22 |70 65 19 8 11 30 16 23 21 55 04 72 30 01 22 53 24 13 40 63
23 |86 37 79 75 97 29 19 00 30 01 22 89 11 84 55 08 40 91 26 61
24 | 28 00 93 29 59 54 71 77 75 24 10 65 69 15 66 90 47 90 48 80
25 140 74 69 14 01 78 36 13 06 30 79 04 03 28 87 569 85 93 25 73

16
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A.2 Method of physical random number generation

The method by which the physical random numbers in Table A.1 were generated is described below. The

source of the numbers is the noise generated by a diode. In a diode, the noise signal is large

because, by

amplification using the electron avalanche effect, stabilized noise is easily obtained. For this reason, it is used
very often as a noise source. For the element, NC2401") of Noisecom in the United States was used. This

element has a noise source and an amplifier built-in, and its band width is 1 GHz, while its
160 mVrms.

The methods of digitalizing the noise signal are

amplitude is

a) 4gnaloguerdigital conversion,

b) regarding noise as a pulse sequence, by counting pulses per unit time,

c) negarding noise as a pulse sequence, by measuring pulse interval.

For @xample, consider the use of a DAS-4102 converter?) produced by the.Keithley Instrum
analqgue/digital conversion. This equipment has a resolution of 8 bits wjth.a sampling perio

maximum. Data was sampled at 1 MHz to produce the attached table. Measuring was done w
ability 3,91 mV/digit and only the lowest bit was used as a random number'source.

Becal
frequ
were

use the analogue/digital conversion equipment has errors,\that are peculiar to the eq
ency distribution of values after conversion is not uniform. To obtain a more uniform distri
generated from the same random number source, and

0,1)

— Random number (Rn) =0

1,0) — Random number (Rn) =1

0,0), (1,1) abandoned

N
Random numbers in Table A.1 were generated according to the above scheme. If the probabilitie
(1,0)|are equal to each other, the random number is uniformly distributed. Because the inter
successive measurements are as<short as 1 ms, the characteristics of the equipment would sca
in this time interval. Therefore,.(0,1) and (1,0) are considered to conform to the same probabilit
An alternative method of correcting is by formerly measuring the probability distribution of the ch
but, hecause this distribution varies from equipment to equipment, this method was not employed
safety, 32 bits were gathered in one group, and exclusive or was done with pseudo-random nt
the Mersenne Twister(toutine name genrand) which is described in 5.5. The Mersenne Twister
by the routine init «genrand(s), s = 19660809. If the original random number sequences are requi
be regenerated by-operating exclusive or again using the Mersenne Twister.

Tablg A.1 is>a decimal random number sequence generated by the above-mentioned metho
uppef 4.bits of the 32-bit random number sequence. If the value of this is not less than 0 and not

ents, Inc. for
1 of 64 MHz
th resolution

Lipment, the
bution, 2 bits

5 of (0,1) and
als between
rcely change

distribution.
aracteristics,
. Further, for
mbers using
as initialized
red, they can

d, taking the
more than 9,

the \alle is employed as the random number value; however, if the value of this is 10 o

I more, it is

abandoned and the next random number is generated.

1)

of this document and does not constitute an endorsement by ISO of the product named.
2)

NC2401 is the trade name of a product supplied by Noisecom. This information is given for the convenience of users

DAS-4102 is the trade name of a product supplied by Keithley Instruments, Inc. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of the product named.

© 1SO 2010 — All rights reserved
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Annex B
(informative)

Algorithm for pseudo-random number generation

B.1 Program code for the trinomial GFSR method

The followin
parameters

an integer b
between 0 a
by calling ini
an unsigned
can be used
(uniformly di
assumes val

To obtain dif

C program given below, which is in accordance with ISO/IEC 9899, is an exampl

with

, ¢, w) = (1279, 418, 32) and period (21279 — 1). When the function gfsr( ) is called, it gendrates

_gfsr(s) once.The initialization function init_gfsr(s) executes initialization under.thie conditio
32-bit integer [integer between 0 and (232 — 1)] is used as the seed. Thergeherated sequ
to provide 39 independent series, each of which has negligible auto-correlation, is 39-distri
stributed in a 39-dimensional hyper-cube) with 32-bit precision, and its-auto-correlation fur
Les close to zero up to phase shift 21274,

erent pseudo-random number series, change the seed s givento init_gfsr(s). Only the cong

tween 0 and (232 — 1) inclusive. When the function gfsr_31( ) is called, it generatés, an irfteger
nd (231 — 1) inclusive. Before calling the functions gfsr( ) and gfsr_31( ), initializationis necegsary

that
ence
buted
ction

tants

p. ¢, win th¢ program may be changed. The value of w will be a powér of 2 within the word length ¢f the

machine. Th

of the machinpe is 64, the constant w in the program is set to 64, andthen gfsr( ) generates integers betw

and (264 — 1
In this progra

/********

C code :

*kkkkkk kK

#define P
#define Q
#define W

static ungigned JYong state

static int

b value of w will generally be 32 or 64, according to the machine. For example, if the word |
inclusive, while gfsr_31( ) generates integers betweef’0 and (263 — 1) inclusive.

m, the length of type “unsigned long” is presumedto be not less than 32 bits.

khkhkhkkhhkhkkhhkhkhkhhhkhkhkhrhkhhhkhhhhhhhkhkhhhktxxkkxx*k

Trinomial GFSR

***************************************/

1279
418
32 /* W should“be a power of 2 */

[P]

7

state 1 ;

ength
pen 0

void init_

{

int i,

static unsigned long x

3

gfsr (unsigned long
k;
[P]

7

s &= OxffffffffuL;

(i=0
[1i]

for

X

18

; i<P ; d1++) |

s>>31

7
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s = 1664525UL * s + 1UL ;
s &= OxEfffff£ff£fuL ;

for (k=0, 1i=0 ; i<P ; 1i++) {
state [i] = OUL ;
for (=0 ; J<w ; J++) {

state [i] <<= 1 ;

dtate [i] |= x [k] ;
[k] 7= x [ (k+Q) %P] ;

X

H++;

Jf (k==P) k = 0 ;

stdte_1i = 0 ;

unsilgned long gfsr (void)

int |1 ;

unsilgned long *p0, *pl ;

if [(state_i >= P) {
sfate_i = 0 ;

pQ = state ;

pl] = state + Q ;

fqr (i=0 ; i<(B=0Q) ; i++)
Ap0++ = *pl++ ;

pll = state’ ;

fdr LY i<P ; i++)

HpO++ *= *pl++

return state [state_i++] ;

}
/* W-1 bit integer */

long gfsr_31 (void)
{

© 1SO 2010 — All rights reserved 19
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return (long) (gfsr( ) >>1) ;

NOTE

The corresponding Full Basic code of the trinomial GFSR method is shown for information as follows.

REM /*********************************************

REM BASIC code

REM ***xx*x*

Trinomial GFSR

khkkhkkkkhkkkkkhkkkhkkkkkkkkhkkkkkhkkkkhkkkkkkkktkk,xxk

OPTION BAS$E O

REM

/********~

DECLARE NQMERIC P
LET P=1279

DECLARE NUYMERIC Q
LET Q=41

DECLARE NUYMERIC W

LET W=32

DIM state|P)

DECLARE NUMERIC state_i

REM

/********~

FUNCTION

1nit_gfsr(s)

RRIE R I b I b I R R R Rk S S I R I S R R I I R Ik R R AR R Ik ST I R R I R e b

l#define P 1279

'#define Q 418

l#define W 32 /* W should be power OF

!static unsigned long state[P];

Istatic INT state_i;

RRE R LS S R S I R I R A R R Ak S SR R I e e b I R R R I S e kb e Sk ik I kR R R I R S i S

lvoid init_gfsr (unsigned long s) {

k**/

k**/

DECLARE NUMERIC 1,3,k

DIM x(P)
LET s = And32(s , MskF_f)
FOR 1 = 0 TO P -1
LET x(i) = SR32U(s , 31)
LET s = Mul32U(1664525 ,

20

s)

+

1

! int 1, j, k;

! static unsigned long x[P];

! s &= OxffffffffuL;
! for (i=0; 1i<P; i++) {
! x[i] = s>>31;

! s =

1664525UL * s + 1UL;
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LET s = And32(s, MskF_f) ! s &= OxffffffffulL;
NEXT I ! }
LET k=0
FOR 1 = 0 TO P -1 ! for (k=0,1=0; 1i<P; 1i++) {
LET state(i) = 0 ! state[i] = O0OUL;
FOR j=0 TO w-1 ! for (3=0; j<w; Jj++) {
LET state(i) = SL32U(state(i) , 1) ! state[i] <s<9|1;
LET state(i) = Or32(state(i) , x(k))! stateli]V|= F[k];
LET x(k) = Xor32(x(k) , x(REMAINDER(k + Q , P)))
! ! x[k] 7= x[(k4Q)%P];
LET k =k + 1 ! k++;
IF k = P THEN LET k = 0 ! if (k==P) k 5 0;
NEXT j 4 }
NEXT I ! }
IJET state_i1 = 0 ! state_1i = 0;
END |FUNCTION '}

REM

/*********************************************************************** ********/

FUNQTION gfsr lunsigned long gfsr(void)
OECLARE NUMERIC) I ! int 1i;
OECLARE NUMERIC p0O, pl ! unsigned long *p0, *pl;
JF state. i >= P THEN ! if (state_i >= P) {
DET state_i =0 ! state_i = 0;
LET p0O =0 ! p0 = state;
LET pl = 0Q ! pl = state + Q;
FOR i=0 TO P-Q-1 ! for (i=0; i<(P-Q); i++)
LET state(p0) = Xor32(state(p0O) , state(pl))
LET pO0 = p0 + 1
LET pl = P1 + 1 ! *p0++ ~= *pl++;
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NEXT 1

LET pl =0 ! pl = state;

FOR i=i TO P-1 ! for (; i<P; i++)
LET state(p0) = Xor32(state(p0) , state(pl))

LET pO = p0 + 1

LET pl =Pl + 1 ! *p0++ A— *pl++l.

NEXT i
END IF ! }
LET gfsr = state(state_i)
LET sfate_i = state_i + 1 ! return state[statel I++];

END FUNCTION '}

REM

/********~ RRE R Ik b I b I R R R R Rk ik S R R R R I I R R A Ik ek b e ik Ik I I S R R I I b k**/

REM /* W-]1 bit integer */

FUNCTION ¢gfsr_31 'long gfsr_31(void) {
LET gfsr_31 = SR32U(gfsr , 1) ! return (long) (gfsr()>>1);
END FUNCTION 1}

B.2 Program code for the pentanomial GFSR method

In this program, the parameters.are (521, 86, 197, 447, 32), and the period is 2521 — 1. When the function
gfsr5( ) is caled, it generates-ar’integer between zero and (232 — 1) inclusive. When the function gfsr5_3[l( ) is
called, it geferates an intéger between zero and (231 — 1) inclusive. The initialization routine init_gf$r5(s)
initializes unfler the condition that the seed is an unsigned 32-bit integer [integer between 0 and (232 |- 1)].
Before calling gfsr5(9J:and gfsr5_31( ), init_gfsr5(s) is executed once to initialize. The generated sequerjce is
16-distributed (uniformly distributed in a 16-dimensional hyper-cube) with 32-bit precision, and its |auto-
correlation fynction‘assumes almost zero value up to the phase shift 2516

If an independent batch of random numbers is needed for each one of multiple replications of a simulation, the
initialization function init_gfsr5(s) should be called only once before the start of the simulation. After each
replication, the contents of the table x[P] of length P and the value of the variable state_i should be saved, and
used as the initial values for the next replication.

If another sequence with different period is required, a set of values p, ¢4, g, and g5 shall be selected from
Table 1.

/*************************************************

C code : Pentanominal GFSR

**************************************************/
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#define P 521
/* Q1 < Q2 < Q3 */
#define Q1 86
#define Q2
#define Q3
#define

197
447
W 32 /* W should be a power of 2 */

ISO 28640:2010(E)

statyic unsigned long state [P] ;)\

statyjic int state_1 ;
void init_gfsr5 (unsigned long s)
ing i, j, k ;

stgdtic unsigned long x [P] ;
s §= OxEfEffff£££fuUL ;

foy (i=0 ; i<P ; i++) {

x |[1] = s>>31 ;
s |= 1664525UL * s + 1UL ;

s |&= OxEfEfffff£fFfUL ;

(k=0,
[i] =
(3=0 ;

tate

fox i=0 ; i<P ; i++h {

sjate ouL ;

fdr J<W ; Ja)"{

[0)]

[1] <<= 1=
[i] |= X1kl ;
[kl ~=x¢l> (k+Q1) %P1 "x [

n

tate

X

(k+Q2) &P] ~

X

[

(k+Q3)

Q
o

P]

7

state_i = 0 ;

unsigned long gfsr5 (void)

{

int 1 ;

© 1SO 2010 — All rights reserved
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unsigned long *p0, *pl, *p2, *p3 ;

if (state_i >= P) {
state_1 = 0 ;

p0 = state ;

pl = state + Q1 ;

p2 state + Q2 ;

p3

state + Q3 ;

for (i=0(; i< (P-Q3) ; i++)

*p0++ ~F *pl++ ~ *p2++ ~ Fp3++;
p3 = state ;

for ( ; 1<(P-Q2) ; i++)

*PO++ “F *pl++ ~ Fp2++ "*p3++;
p2 = state;

for ( ; 1<(P-Q1l) ; 1i++)

*p0++ *~F *pl++ ~ *p2++ “Fp3++;
pl = state;

for ( ; 1<P ; i++)

*pO++ ~F *pl++ “Fp2++ “NFp3++;

}

return sfate [state_i++] ;

/* W-1 bit integer */

long gfsr%_31 (void)

{
return (long) (gfsxb( ) >>1);
NOTE The r‘nrrpepnnding Eull Basic code of the pnninnnmi:\l GESR methaod is shown for information as follows

REM /*~k**~k****************************************

REM BASIC code : Pentanomial GFSR

REM **********************************************/

OPTION BASE 0
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/*~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k**********************/

DECLARE NUMERIC P

LET P = 521 '#define P 512

REM /* Q1 < Q2 < Q3 */

DECLARE NUMERIC Q1

LET ([ 9F——=38% Hdef e 9166

DECIARE NUMERIC Q2

LET | Q2 = 197 I#define Q2 197

DECIARE NUMERIC Q3

LET | Q3 = 447 l#define Q3 447

DECHARE NUMERIC W

LET (W = 32 l#define W 32 /* W should bq
2 x

DIM |state (P) !static unsigned long statel[P

DECIJARE NUMERIC state_i

REM

/***********************************************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*********

Istatic int state_i;

power of

********/

J S) {

FUNJTION init_gfsr5(§) lvoid init_gfsr5(unsigned lon
OECLARE NUMERI&Y, 7, k ! int i, J, k;
OIM x(P) ! static unsigned long x[P];
IJE?) s = And32 (s , MskF_f) ! s &= OxffffffffuL;
FOR i=0 TO P-1 ! for (i=0; i<P; i++) {
LET x(i) = SR32U(s , 31) ! x[1i] = s>>31;
LET s = Mul32U(1664525 , s) + 1 ! s = 1664525UL * s + 1UL;
LET s = And32(s , MskF_f) ! s &= OxffffffffulL;
NEXT T ! }

© 1SO 2010 — All rights reserved
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LET k=0
FOR i=0 TO P-1 ! for (k=0,1=0; 1i<P; i++) {
LET state(i) = 0 ! state[i] = 0UL;
FOR j=0 TO w-1 ! for (3=0; Jj<w; J++) {
LET state(i) SL32U(state(i) , 1) ! state[i] <<= 1;
1ET state(i) Or32 (state (i) x(k))! state[i] |= x[k]}
1LET x(k) = Xor32(Xor32(Xor32(x(k) , X(REMAINDER(k + Ql1--,V” P))|) ,
x (REMAINDER(k + Q2 , P))) , x(REMAINDER(k + Q3 , P)))
! x[k] *E7x[ (k+Q1l)%P] *
x[ (k+Q2)%P] ~ x[(k+Q3)%P];
LET k =k + 1 ! K%+ ;
IF k = P THEN LET K = 0 ! if (k==P) k = 0;
NEXT 7 ! }
NEXT I ! }
LET sfate_i = 0 ! state_1 = 0;
END FUNCTJION 1}
REM
[ ok ok ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok KT ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ek ok /
FUNCTION ¢fsr5 lunsigned long gfsr5(void) {
DECLAREFE NUMERIC{SL ! int 1i;
DECLARE NUMERIC pO, pl, p2, p3 ! unsigned long *p0, *pl, [p2,
*p3;
IF state_i >= P THEN ! if (state_i >= P) {
LET state_i = ! state_1 = 0;
LET pO =0 ! p0 = state;
LET pl = Q1 ! pl = state + Q1;
LET p2 = Q2 ! p2 = state + Q2;
LET p3 = Q3 ! p3 = state + Q3;

26
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FOR i=0 TO P-Q3-1 ! FOR (1=0; 1< (P-Q3); i++)
LET state(p0) = Xor32 (Xor32 (Xor32(state(p0) , state(pl)) , state(p2))
state (p3))
LET pO0 = p0 + 1
LET pl =pl + 1
FRF—p2—p2—t
LET p3 =p3 + 1 ! *pO0++ "= *Pi++ |~ *p2++
P34+
NEXT i
LET p3 =0 ! p3 = (state;
FOR i=i TO P-Q2-1 ! for (; i< (P-Q2); 1i+H)
LET state(p0) = Xor32(Xor32 (Xor32 (state(p?) , state(pl)) , stite(p2))
stafe (p3))
LET pO0 = p0 + 1
LET pl =pl + 1
LET p2 =p2 + 1
LET p3 =p3 + 1 ! *pO++ = *pl++ |~ *p2++
P34+
NEXT i
LET p2 =0 ! p2 = state;
FOR i=i TO R @1-1 ! for (; i< (P-Q1l); i+H+)
LET _state(p0) = Xor32(Xor32 (Xor32(state(p0) , state(pl)) , state(p2))
state (p3))
LET pO0 = p0 + 1
LET pl =pl + 1
LET p2 =p2 + 1
LET p3 =p3 + 1 ! *PO0++ "= *pl++ ©~ *p2++
*pP3++;
NEXT 1
LET pl =0 ! pl = state;
FOR i=i TO P-1 ! for (; i<P; i++)

© 1SO 2010 — All rights reserved
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LET state(p0) = Xor32(Xor32(Xor32(state(p0O) , state(pl)) , state(p2)) ,
state (p3))
LET pO = p0 + 1
LET pl =pl + 1
LET p2 =p2 + 1
LET p3 =p3 + 1 ! *pO0++ = *pl++ ~ *p2++ °
*pP3++;
NEXT i
END IF ! }
LET gfsr5 = state(state_i)
LET state_i = state_i + 1 ! return statel[sState_i++];
END FUNCTJION 1}
REM

/********~

REM /* W-]
FUNCTION
LET g

END FUNCT]

B.3 Progn

Following is
between zer
(29, 2, 4) ang

bit integer */
¢gfsr5_31 'long gfsr5_31(void) {
Fsr5_31 = SR32U(gfsr5 , 1) ! return (long) (gfsr5()>>1);
ON '}

R R I b I S I R R R SR Rk Sk S IR R I I e I b I I S R R R Ik b B ik ik Ik R R IR I i

am code for the combined Tausworthe method

a C Language-implementation of the combined Tausworthe method, which generates int
b and (231.5>1) inclusive by combining three Tausworthe sequences of parameters (31, 13
(28, 3,47).

The initializ

1

integer [integef-between 0 and (232 — 1) inclusive]. To obtain a different pseudo-random number sequ

ion function init_taus88(s) initializes under the condition that the seed s is an unsigned

k**/

bgers
L 12),

B2-bit

ence,

change the seed s. Before calling taus88_31( ), init_taus88(s) executes once to initialize. The initialization can
be done without using init_taus88(s) by directly assigning suitable values into s4, s, and s3. However, when

initializing, th

e following three conditions must be satisfied:

— atleast one of the upper 31 bits of s, is one;

— atleast one of the upper 29 bits of s, is one;

— atleast one of the upper 28 bits of s3 is one.

Because the lowest 1 bit of s4, the lowest 3 bits of s, and the lowest 4 bits of s are ignored, the generated

random num

28

ber sequence is unaffected by the changes to those bits.
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In this program, the length of type “unsigned long” is presumed as 32 bits.

/~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k'k************************

C code : Combined Tausworthe

~k~k~k~k~k~k~k*‘k~k*‘k~k*‘k~k*‘k~k~k~k~k~k~k~k~k'k'k*'k'k*'k'k*'k'k'k'k'k'k*'k'k*'k'k*'k'k/

static unsigned long sl, s2, s3, b ;

ISO 28640:2010(E)

void init_taus88 (unsigned long s)

ing i ;

ungigned long x [3] ;

whille (i<3) {

ifl (s & OxEfff££f£0UL) {

®q [1] = s ;

i++;

s |= 1664525UL * s + 1UL;

sl|= x [0] ;s2/= x [1] ; s3 = x [2] ;

/* 31 Bit integer */

long taus88_31 (void)

{

b= (((sl << 13) »~ sl1) >> 19) ;

sl = (((sl & 4294967294UL) << 12) "b) ;
b = (((s2 << 2) ©~ s82) >> 25);

s2 = (((s2 & 4294967288UL) << 4) "b) ;

© 1SO 2010 — All rights reserved
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b = (((s3 << 3) ~ s83) >> 11) ;

s3 = (((s3 & 4294967280UL) <<17) "b) ;
return (long) ((sl ~ s2 ©~ s3) >>1) ;

}

In this progrgm, the code

b = (((sl] << 13) ~ sl) >> 19) ;

sl = (((sl & 4294967294UL) << 12) "b) ;

humber in the Tausworthe sequence with parameters (31, 13, 12) in(y;, and the codes

b= (((sR << 2) »~ s2) >> 25) ;

s2 = ((($2 & 4294967288UL) << 4) "b) ;
and

b = (((sB << 3) "s3) >> 11) ;

s3 = ((($3 & 4294967280UL) << 17) "b)

generate nu
and ss, resp
31-bit pseud

Selection of
pseudo-rand
To obtain a @

If an indeper

bers in the Tausworthe sequence with parameters (29, 2, 4) and (28, 3, 17) correspond
b-random number sequenee is generated.
bm number sequence after the combination. These values of parameters shall not be cha
ifferent pseudo-random number sequence, change the seed.

dent batch/of random numbers are needed for each one of multiple replications of a simul

to S2

ctively. These three binary.integers are combined bit by bitwise exclusive-or operations, @nd a

the three parametérs”(p, ¢, t) is made to give the best multi-dimensional equidistribution ¢f the

nged.

Ation,
each

the initializat
replication, t
as the initial

e
T/alues for the next replication.

on funetion init_taus88(s) should be called only once before the start of the simulation. After
values of 54, s5, and s; should be saved, and given to the variables s4, 55, and s3, respec

|ively,

NOTE

REM /****************************************************

REM BASIC code

: Combined Tausworthe

REM ****************************************************/

OPTION BASE 0

30

The corresponding Full Basic code of the Combined Tausworthe method is shown for information as follows.
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/*~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k**********************/

FUNCTION init_taus88(s)
s) {

DECLARE NUMERIC I !

int 1i;

'void init_taus88 (unsigned long

DIM x(3) ! unsigned long x[3];
FOR 1 = 0 TO 2 ! i=0; while (4%3|) ({
IF And32(s , MskF_0) <> 0 THEN ! if (s & Oxffff£££f0UL)
{
LET x(i) = s ! XL = s; i++;
END IF ! }
LET s = Mul32U(1664525, s) + 1 ! s = 166452pUL * s +
1UL;
NEXT I ! }
HUET sl = x(0)
HUET s2 = x(1)
LUET s3 = x(2) ! sl = x[0]; s2 = %x[1]; s3 =
x[2];
END |FUNCTION '}
REM
/************************************‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k************************ ‘k‘k‘k‘k‘k‘k‘k‘k/
FUNJTION taus88:31 'long taus88]int (void)
{
REM /*%¥**+* 31 bit integer *****/
UEP) b = SR32U(Xor32(SL32U(sl, 13), sl1), 19 ! b = (((sl]<< 13) ~»
sl) >> 197;
LET sl = Xor32(SL32U(And32(sl , MskF_e), 12), b) ! sl = (((s1 &
4294967294) << 12) ~ Db);
LET Db = SR32U(Xor32(SL32U(s2, 2), s2), 25) ! b = (((s2 << 2) * s2)
>> 25);
LET s2 = Xor32(SL32U(And32(s2 , MskF_8), 4), Db) ! s2 = (((s2 &
4294967288) << 4) ~ Db);
LET b = SR32U(Xor32(SL32U(s3, 3), s3), 11 ! b = (((s3 << 3) ~ s3)
>> 11);
© 1SO 2010 — All rights reserved 31
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LET s3 = Xor32(SL32U(And32(s3 , MskF_0), 17), Db) ! s3 = (((s3 &
4294967280) << 17) ~ Db);

LET taus88_31 = SR32U(Xor32(Xor32(sl, s2), s3), 1) ! return (long) ((s1 *
s2 " s3) >> 1);

! bl
END FUNCTION
B.4 Program code for the Mersenne Twister method
The following program is a C language implementation of the Mersenne Twister method. Fhe function
genrand( ) ¢f this code generates unsigned integer pseudo-random numbers of 32 bits whose range is
between 0 gnd (232 — 1) inclusive. The function genrand_31( ) generates unsigned integer\pseudo-rahdom

numbers of 31 bits whose range is between 0 and (231 — 1) inclusive. The function init_genrand(s) initiglizes

the seed as
genrand_31(
sequences. |

If independe

initialization function init_genrand(s) should be called only once before thé start of the simulation. After

replication, c
as the initial

EXAMPLE
0x9d2c5680,

hexadecimal.
precision; mor|

In this progra

*kkkkkk kK

C code \

*kkkkkk kK

/* Period

#define P

n unsigned 32-bit integer [integer between 0 and (232 — 1) inclusive]. Before lealling genrand
[he parameters in this program should not be changed.
nt batch of random numbers are needed for each one of multiplesreplications of a simulatio

bntents of the table mt[P] of length P and the value of the variable mti should be saved, and
alues for the next replication.

This is an example using p = 624 words with parametérs (624, 397, 31, 32, 0x9908b0df, 11, 7, 1
0xefc60000). Here, 10-digit numbers starting with .Ox are unsigned 32-bit constants represen

The period is 219937 — 1 and this is distributed uniformly in 623 dimensional hyper-cube with 3
pover, the sequence is equidistributed in 3 115 dimensions with 6 bits precision.

m, the length of type “unsigned long’ is presumed to be not less than 32 bits.

EE R I I I R I I R I R R R R R I I R R I R I S

[ersenne Twister

****************************************/

parametérs */

624

()or

), initialization shall be done by executing init_genrand(s) once. Different.seeds s lead to different

N, the
each
used

5, 18,
ed in
2 bits

#define Q

397

#define MATRIX_A 0x9908b0d4dfUL /* constant vector a */

#define UPPER_MASK 0x80000000UL /* most significant w-r bits */

#define LOWER_MASK Ox7fffffffUL /* least significant r bits */

static unsigned long mt

32

[P] /* the array for the state vector */

7
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static int mti=P+1 ; /* mti==P+1 means mt [P] is not initialized */

/* initializes mt [P] with a seed */
void init_genrand (unsigned long s)
{

mt [0] = s & Oxffffff£ffUL ;

foyr (mti=1 ; mti<P ; mti++) {
myg [mti] = (1664525UL * mt [mti-1] + 1UL)

7

my [mti] &= OxffffffffulL ;

/* denerates a random number on [0, Oxffffffffiv-interval */

unsilgned long genrand (void)

undigned long vy ;

stgdtic unsigned long mag0l [2N= {0x0UL, MATRIX_A} ;

/* mag0l [x] = x * MATRIX'A for x=0, 1 */

if [(mti >=P) { /*'deénerate P words at one time */

it kk ;
if [(mtit== P+1) /* if init _genrand ( ) has not been called,
init_genrand (5489UL) ; /* a default initial seed is used */

for (kk=0 ; kk<P-Q ; kk++) {
v = (mt [kk] &UPPER_MASK) | (mt [kk+1] &LOWER_MASK) ;

mt [kk] = mt [kk+Q] * (y >> 1) ”~ mag0l [y & O0x1UL] ;

for ( ; kk<P-1 ; kk++) {

© 1SO 2010 — All rights reserved
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y = (mt [kk] &UPPER_MAGSK) | (mt [kk+1] &LOWER_MASK) ;

mt [kk] = mt [kk+ (Q-P) 1 ©~ (y >> 1) ~ mag0l [y & Ox1UL] ;

y = (mt [P-1] &UPPER_MASK) | (mt [0] &LOWER_MASK) ;

mt [P-1] = mt [Q-1] ~ (y >> 1) ~ mag0l [y & Ox1UL] ;

mti = 0

y = mt [fhti++] ;
/* Temper¥ing */
y *= (y 3> 11) ;
vy "= (y ¥< 7) & 0x9d2c5680UL ;
y "= (y ¥< 15) & 0xefc60000UL ;

y 7= (y 3> 18) ;

/* generates a random number on [0, Ox7fffffff] -interval */
long genrgnd_31 (void)
{

return (long)' (genrand( ) >>1) ;

NOTE The corresponding Full Basic code of the Mersenne Twister method is shown for information as follows.

REM /****************************************************/

REM Mersenne Twister

REM /****************************************************/
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OPTION BASE 0

REM
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/*~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k**********************/

REM /* Period parameters */

DECLARE NUMERIC P

LET P—62% Hdef e 624

DECIHARE NUMERIC Q

LET | Q = 397 l#define Q 397

DECIHARE NUMERIC MATRIX_A

LET | MATRIX_A = BVAL("9908b0df" , 16) l#define MATRIX A 0x9908b0dfUL /*
condtant vector a */

DECIJARE NUMERIC UPPER_MASK

LET | UPPER_MASK = BVAL("80000000" , 16) #defilne UPPER_MASK 0x80000000UL /*
most significant w-r bits */

DECIJARE NUMERIC LOWER_MASK

LET | LOWER_MASK = BVAL("7fffffff" , 16) l#define LOWER_MASK Ox7fE£E£££UL /*
leadt significant r bits */

DIM |mt (P) Istatic unsigned 1long mt[P]|; /* the
arrgdy for the state vectory */

DECIJARE NUMERIC mti

LET | mti = P + 1 Istatic int mti=P+1; /* mti=3P+1 means
mt[H] is not imitialized */

REM
/'k'k'k'k'k*'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k***********************'}'k'k'k'k'k'k'k'k/

REM /* initializes mt[P] with a seed */

FUNCTION init_genrand(s)

lvoid init_genrand(unsigned long s) {

! mt[0]= s & OxEfffffffUL;

LET mt(0) = And32(s , MskF_f)
FOR mti = 1 TO P - 1 ! for
LET mt(mti) = Mul32U0(1664525 , mt(mti-1)) +

mt[mti-1] + 1UL);

© 1SO 2010 — All rights reserved
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LET mt(mti) = And32 (mt (mti) , MskF_f) ! mt[mti] &= OxfEfffffffuUL;
NEXT mti ! }

END FUNCTION 1}

REM

/**~k**~k**~k**********************************************************************/

REM /* geperates—a rarmdom mmumber—ON—T0 O0xttffffffi=Trrtervat
FUNCTION ¢genrand lunsigned long genrand (void)(\ {
DECLARE NUMERIC y ! unsigned long vy;

DIM mag0l(2)
LET m&g01(0) = 0

LET mgg0l(1l) = MATRIX_A ! static unsigned l ong
mag01[2]={0x0UL, MATRIX_A};

REM /*|mag0l([x] = x * MATRIX A for x=0,1 */

IF mti|>= P THEN | if (mti >= P) { /* generafe P
words at ¢ne time */

DECILARE NUMERIC kk ! int kk;

IF mpti = P + 1 THEN ! if (mti == P+1) /F if
init_genrand() has not been called, */

LET v = init_gefirand(5489) ! init_genrand(5489UL) ;
/* a defaylt initial gbis used */

END|IF
FOR | kk=0""T0 P-0-1 ! for (kk=0;kk<P-0Q;kk++)
1LET y = Xor32(And32 (mt (kk) , UPPER_MASK) , And32 (mt (kk+1 ,
LOWER_MAGSK) )
! ! y =
(mt [kk] &UPPER_MAGSK) | (mt [kk+1] &LOWER_MASK) ;
LET mt (kk) = Xor32(Xor32 (mt(kk+Q) , SR32U(y , 1)) , magO0l(And32(y ,
1)))
! ! mt [kk] = mt[kk+Q] ~ (v

>> 1) ~ mag0l[y & Ox1UL];

NEXT kk 1 }
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FOR kk=kk TO P-2 ! for (;kk<P-1;kk++) {
LET vy = Xor32(And32 (mt (kk) , UPPER_MASK) , And32 (mt (kk+1) ,
LOWER_MASK) )
1 ! Yy =
(mt [kk] &UPPER_MASK) | (mt [kk+1] &LOWER_MASK) ;
LET mt(kk) = Xor32(Xor32 (mt (kk+Q-P) , SR32U(y , 1)) , mag0l(And32(y ,
1)))
: : mttkkt—mtth+ (Q-P)] *
(v >> 1) ~ magO0l[y & O0x1UL]J;
NEXT kk ! }
LET vy = Xor32(And32 (mt(P-1) , UPPER_MASK) , And32(mt (0)\) LOWER_MASK))
! ! y| = (mt[P-
1]&UYPPER_MASK) | (mt [0] &LOWER_MASK) ;
LET mt(P-1) = Xor32(Xor32(mt(Q-1) , SR32U(y ¢4, 1) , mag0l(And32(yf , 1)))
! ! mt[P-1]1 = mt[Q-1]1 ~ (y >> 1) ~
mag(l[y & Ox1UL];
LET mti = 0 ! mti = 0;
HND TIF ! }
UET y = mt(mti)
HET mti = mti + 1 ! y = mtmti++];
REM /* Tempering */
ET vy £ Xor32(y , SR32U(y , 11)) ! y "= (y >> 11);
ETA ¥ = Xor32(y , And32(SL32U(y , 7) , BVAL("9d2c5680" , 16)))
! ! v "= (y << 7) & 0x9d2c5680UL;
LET y = Xor32(y , And32(SL32U(y ,15) ,BVAL("efc60000" , 16)))
! ! y "= (y << 15) & O0xefc60000UL;
LET vy = Xor32(y , SR32U(y , 18)) ! y "= (y >> 18);
LET genrand =y ! return y;

END FUNCTION

© 1SO 2010 — All rights reserved
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REM

/**~k**~k**~k**~k**~k**~k***************~k**~k**~k**~k**~k**~k******************************/

REM /* generates a random number on
FUNCTION genrand_31
LET genrand_31

END FUNCTION

[0,0x7fffffff]-interval */

!'long genrand_31 (void) {

SR32U (genrand , 1) ! return (long) (genrand()>>1);

'}

B.5 LineaL congruential method
B.5.1 General
B.5.1.1 Uspge
Linear congrpential methods are widely used in software since they combine economy of use of memory with
rapid executfon. However, they have a relatively short period and are consequéntly not sufficiently rarjdom,
particularly for generating random multi-dimensional sequences.
B.5.1.2 Definition
Most linear [congruential methods generate pseudo-random number sequences X;, X,, ... by using the
following recyrrence relationship.

X, =mofl(aX, (+c;myn=1,2, ...
where ¢ and jn are positive integers and c is a non-negative integer.
Once the values of the parameters a, m agd,¢ have been decided, the linear congruential methpd is
determined; oreover, if the seed X; is given, the generated number sequence is determined.
NOTE 1 THe meaning of the recurrence relationship is as follows. Calculate aX, + ¢ by using seed Xj and divide the
result by m. The residue is X;. Next, calculate aX; + ¢ and divide the result by m, and the residue is .X,. This procedure is
repeated as mjany times as required.
NOTE 2 The value of n for whieh X = X;, for the first time is called the period of the sequence.
B.5.1.3 Mdthod of deciding parameter values
A good psedido-random number sequence cannot be obtained if the values of ¢, m and ¢ are deterrhined
arbitrarily. Therefore, these should be decided on the following basis.

Because m is the upper limit of a period of the number sequence obtained by the linear congruential method,
m should be set as large as possible. Hence, using for example 32-bit computers, it is recommended to set
m=2%20r231 -1

For increment ¢, there is no strict criterion. However, the periods of generated number sequences may be
different, according to whether a criterion is set to zero or a positive integer.

As for the multiplier a, a value that provides good results in combination with the chosen values of m and ¢
should be used (see Table B.1).

NOTE In the case where m is an integer power of 2 and c is specified to be 0, the period is not more than m/4. If ¢ is
an odd number, the period becomes m.

38 © I1SO 2010 — Al rights reserved


https://standardsiso.com/api/?name=f4ba9382feb98b164f0eeea6b8693929

ISO 28640:2010(E)

B.5.1.4 Example of parameters

For 32-bit computers, one of the sets of parameters from Table B.1 should be used.

Table B.1 — Examples of parameters used in the linear congruential method

Row number A c M
1 1 664 525 * 232
2 1 566 083 941 0 232
3 48 828 125 0] 232
4 2100 005 341 0 231 -1
5 397 204 094 0 231 -1
6 314 159 369 0 2314

NOTE 1 The symbol * indicates that any odd number may be used.
NOTE 2 Using the parameters of row 1, all integers in the range 0 to (232 — 1) are generated.

NOTE 3  Using the parameters of row 2 or row 3, the set of generated numbers is 4i + 1 for i =0,
1, .., (230-1),0r4i+3fori=0,1, ..., (230 — 1), which depends on the seéd X;.

NOTE 4 Using the parameters of rows 4, 5 or 6, all the positive integers between 1 to (231 - 2) are
generated.

NOTE 5 When not many bits are required, they should be_extracted from the upper bits of the
random number, and lower bits should not be used.

B.5.2 Program code for the linear congruential method

B.5.2.1 General

The € language implementation of the linear congruential method, which is in accordance with I$SO/IEC 9899,
is giyen below. It is composed of two types of programs, one for the case where m =232, the |other for the
case|where m = 231 — 1. These cases are consistent with the recommendations of B.5.1.

B.5.2.2 Case of m =232

Every time the functiop-leong32( ) is called, it returns an integer random number between zero pnd (232 — 1)
inclugive. The resuliis-returned of type “unsigned long”. Every time the function lcong32_31( |) is called, it
genefates an integérrandom number between zero and (231 - 1) inclusive. The result is retyrned of type
‘long[. The Iinitialization function init_Icong32 (unsigned long seed) executes initialization so that a
non-negativeinteger of type “unsigned long” is set as the seed. If the addend ¢ is 0 and the origjnal seed XO*
is odfl, then-X,, can be set as X =X, . However, when an even original seed X,* is given in the case ¢ =0,
one is added to the original seed to obtain the seed X, i.e. X=X, + 1. In other cases, mod(X{*; m) is used

as X{

The multiplier and the addend are changed by changing the definitions of MULTIPLIER and INCREMENT in
each program. The random number sequence is restarted by using the output of lcong32( ) as the argument
of initialization function init_Icong32(seed).

B.5.2.3 Caseof m=231-1

Every time the function Icong31( ) is called, it returns an integer random number between 1 and (231 - 2)
inclusive. The result is returned of type “long”. The initialization function init_lcong31 (unsigned long seed)
executes initialization so that a non-negative integer is set as the seed. As with the parameters in Table B.1,
the addend of ¢ are always 0. Therefore, the seed X, should not be 0. However, if X;," =0, a special number
(19 660 809) is used instead as the seed X|,. In other cases, mod(Xy*; m) is used as X,
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In order to change the multiplier, the definition of MULTIPLIER should be changed in the program.

/*****************************************************************

C code : Linear Congruential

******************************************************************/

/*********************************************************

Part 1. Modulus = 2732

* ok kkkkkkk

#define MYULTIPLIER 1664525UL
#define INCREMENT 1UL

static ungigned long state32 ;

unsigned long lcong32( void )
{
state32|= ( state32 * MULTIPLIER + INCREMENT ) & (O0XFFFFFFFFUL;

return gtate3d?2;

long lcong32_31( void )
{
state32|= ( state32 * MULTIPLIER “+/ INCREMENT ) & OxFFFFFFFFUL;

return gtate3d2>>1;

void init]lcong32 (unsigned long s)

{
/* seed should be~gdd when increment == 0 */
if (| (INCREMENT==0) && (s%2 == 0) ){
s+ _;
}
state32 = s ;
}

/*********************************************************

Part 2. Modulus = 2731-1 = 2147483647

**********************************************************/

#undef MULTIPLIER
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#undef INCREMENT

#undef NBIT

#define NBIT 15

#define MASK ( (1<<NBIT)-1)

#define MASK2 ( (1<<2*NBIT) -1)

#define MULTIPLIER 2100005341UL

#define MULTIPLTIER LO (MULTIPLIER & MASK)

#defline MULTIPLIER HI (MULTIPLIER >> NBIT)

statlic unsigned long state3l ;

lond lcong3l ( void )
{
ungdigned long xlo, xhi ;

ungdigned long z0, zl, z2 ;

x1lq = state3l & MASK ;
xhil = state3l >> NBIT ;
z0 |= xlo * MULTIPLIER IO ; /* 15bit * 15bit => 30bit */

z1l |= xlo * MULTIPLIER HIT
+ xhi * MULTIPLIER_LO ; /* 15bit * 16bit * 2 => 32bit */
z2 |= xhi * MULTIPLIER_HI ; /* 1bbit * 1l6bit => 32bit */

z0 [+= (z1l & MASK) << NBIT ;

z2 |+= (z1l >> NBIT) + (z0 »> «(2*NBIT)) ;
z0 [= (z0 & MASK2) | ((Z28&1) << (2*NBIT)) ;
z2 |>>=1 ;

stgdte3l = z0 + z2;
/* |This should{not exceed 2*0x7ffff£f££fUL */
if [(state3l»s=0x7fff£££fUL) state3dl -= OxX7fff£f££f£fUL ;

retjurn (leng) state3l ;

void init lcong3l (unsigned long s)
{

/* seed should not be 0 */

if ( s == 0UL ) s=19660809UL ;

s = s % Ox7TEffff£ffuUL ;

state3l = s ;
}

NOTE 1 The Full Basic code of the linear congruential method is shown for information comparing with the
corresponding C code as follows.
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REM /*********************************************************

REM BASIC code : Linear Congruential

REM **********************************************************/

REM

REM /*********************************************************

REM Part 1. Modulus = 2732

REM ***x*x* ****************************************************/

OPTION BAS$E O

REM

/******** R I R I I R I I I I I I I R I I I I R I I R I R I L e Ik R R IR R I R k**/

DECLARE NYMERIC MULTIPLIER

LET MULTIPLIER = 1664525 '#define MULTIPLIER 1664525UL

DECLARE NYMERIC INCREMENT

LET INCREMENT = 1 Mdefine INCREMENT 1UL
DECLARE NYMERIC state32 Istatic unsigned long state32;
REM

/******** R R R R R R S I I I I I R I I I I R I I I I R I I I R R R I R R S R k**/

FUNCTION lcong32 lunsigned long lcong32u( void ) {

LET state32.5 And32((state32 * MULTIPLIER) + INCREMENT , MskF_f)

! ! state32 = ( state32 * MULTIPLIER +
INCREMENT | )& OxFFFFFFFFUL;

LET 1lcong32 = state32 ! return state32;
END FUNCTION 1}
REM

/*******************************************************************************/

FUNCTION lcong32_31 'long lcong32( void ) {
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! ! state32 = ( state32 * MULTIPLIER +
INCREMENT ) & OxXFFFFFFFFUL;

LET 1lcong32_31 = SR32U(lcong32 , 1) I return state32>>1;

END FUNCTION 1}

REM

/*******************************************************************************/

FUNJTION init_lcong32(s) lvoid init_lcong32 (unsigned,lohg s) {
REM /* seed should be odd when increment == 0 */

IJF (INCREMENT = 0) AND (REMAINDER(s , 2) = 0) THEN

! ! if ( (INCREMENT==0) && (s%2|== 0) )
{
LET s =s + 1 ! S++;
END TIF ! }
JET state32 = s ! _state32 = s;
END [FUNCTION 1}

REM /'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k************************'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k'k

REM BASIC code : Linear Congruential

REM **********************************************************/

REM

REM /*********************************************************

REM Part 2u.>Modulus = 2731-1 = 2147483647

REM **********************************************************/

OPTION BASE 0

DECLARE NUMERIC NBIT
LET NBIT = 15 '#define NBIT 15
DECLARE NUMERIC MASK

LET MASK = SL32U(1 , NBIT) - 1 '#define MASK ((1<<NBIT)-1)
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