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(57) ABSTRACT

A method of estimating a measure of randomness of a
function of at least one representative value of at least one
random variable is constructed to have the steps of obtaining
the at least one random variable; determining the at least one
representative value of the obtained at least one random
variable; determining a first statistic of the obtained at least
one random variable; determining a gradient of the function
with respect to the determined at least one representative
value; and transforming the obtained first statistic into a
second statistic of the function, using the determined gra-
dient. The step of transforming may be adapted to transform
the first statistic into the second statistic, such that the
second statistic responds to the first statistic more sensitively
in the case of the gradient being steep than in the case of the
gradient being gentle.
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METHOD, COMPUTER PROGRAM, AND
STORAGE MEDIUM FOR ESTIMATING
RANDOMNESS OF FUNCTION OF
REPRESENTATIVE VALUE OF RANDOM
VARIABLE BY THE USE OF GRADIENT OF SAME
FUNCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Not Applicable.

BACKGROUND OF THE INVENTION
[0002]

[0003] The present invention relates to a statistical analy-
sis of data, specifically to a technology for estimating a
measure of randomness of a function of at least one random
variable.

[0004] 2. Discussion of the Related Art

[0005] Frequently, there are performance measures of sys-
tems, which are based on the means of random variables. For
example, a percentage of time of machine under repair is a
function of the mean repair time divided by the mean time
between the beginning of repairs. It is important to distin-
guish between the mean of a function of at least one random
variable and the function of the means of at least one random
variable. In the case of the machine repair, it would be
possible to divide the individual repair times by the indi-
vidual times between the beginning of repairs, and to obtain
the mean of this ratio. However, this mean of the function
would differ from the function of the means. Only the
function of the means represents the correct percentage of
the machine under repair.

1. Field of the Invention

[0006] Frequently, the means of the random variables are
not known exactly, but rather are based on a set of collected
data. Therefore, these means may differ from the true means.
Subsequently, the function of the means may differ from the
function of the true means. Frequently, there is interest in a
measurement of the accuracy of the function of the means.
This measurement of accuracy is usually expressed as a
confidence interval around the mean or median, but may also
be expressed as a variance, a standard deviation, or a
quantile. While the calculation of such measures is well
known in statistical analysis for individual random vari-
ables, it is more difficult for functions of the means.

[0007] Common uses of the function of at least one mean
are frequencies of occurrences, where the mean frequency is
the inverse of the mean time between occurrences. Another
common uses are percentages of times, where the mean
percentage is the mean duration divided by the mean time
between the start of duration’s cycles.

[0008] One conventional method to calculate the confi-
dence interval of the function of means is called batching,
also known as non-overlapping batch means method. In this
method, the sufficiently large sets of data are split into a
number of subsets. The means for each subset is calculated
and subsequently the function of the means is calculated for
each subset. A confidence interval can be constructed on the
different values of the function of means.

[0009] However, this conventional method is suitable only
for sufficiently large sets of data in order to satisfy the central
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limit theorem. This method can therefore not be used on
small data sets. In addition, the confidence interval for a set
of data can vary significantly with the number of subsets
used. The selection of an unsuitable number of subsets may
cause incorrect results. Furthermore, this method requires
significant storage capacity and computational power as the
size of the data set increases. Finally, due to the nature of the
computation, these intensive calculations have to be
repeated every time additional data becomes available.

[0010] Many approaches have been developed to assist the
selection of the number of subsets for the above batching
method. However, they are usually very complicated and
require a high level of expertise. In addition, the results of
these approaches may differ from one another. Furthermore,
the computational requirements increased ever further as
these approaches frequently require a significant statistical
effort to analyze the subsets and the relation therebetween.

[0011] A variant of the above conventional batching
method, known as overlapping batch means method, creates
overlapping subsets. While this variant may have a slight
improvement over the basic batching method, it still requires
a large data set, the selection of a number of subsets,
significant storage and computational capacity. Furthermore,
the complexity of the variant is still significant and requires
significant statistical knowledge.

BRIEF SUMMARY OF THE INVENTION

[0012] Tt is therefore an object of the present invention to
permit the estimation of a measure of randomness of a
function of at least one representative value of at least one
random variable, even for a relatively small size of data set
to be used, in a reduced time.

[0013] The object may be achieved according to any one
of the following modes of this invention. Each of these
modes of the invention is numbered like the appended
claims, and depends from the other mode or modes, where
appropriate. This type of explanation about the present
invention is for better understanding of some instances of a
plurality of technical features and a plurality of combina-
tions thereof disclosed in this specification, and does not
mean that the plurality of technical features and the plurality
of combinations in this specification are interpreted to
encompass only the following modes of this invention:

[0014] (1) A method of estimating a measure of random-
ness of a function of at least one representative value of at
least one random variable, comprising:

[0015] a step of obtaining the at least one random
variable;

[0016] a step of determining the at least one repre-
sentative value of the obtained at least one random
variable;

[0017] astep of determining a statistic of the obtained
at least one random variable;

[0018] a step of determining a gradient of the func-
tion with respect to the determined at least one
representative value; and

[0019] a step of transforming the obtained statistic of
the at least one random variable into a statistic of the
function, using the determined gradient.
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[0020] As the result of the inventor’s research, he has
found that there exists a statistical characteristic that, while
a statistic of a function of a random variable, which statistic
may include a measure of randomness or dispersion,
strongly tends to reflect a statistic of the random variable,
which statistic may include the measure of randomness or
dispersion, such that the statistic of the random variable is
enlarged in the case of a steep gradient of the function of the
random variable, the statistic of the function strongly tends
to reflect a statistic of the random variable such that the
statistic of the random variable is reduced in the case of a
gentle gradient of the function of the random variable

[0021] In addition, the above research also revealed that,
the utilization of the characteristic mentioned above would
permit the estimation of a measure of randomness of a
function of a representative value of a random variable,
ensuring an accuracy thereof almost equal to one established
in the use of the conventional batching method aforemen-
tioned, with a smaller size of data used than in the batching
method, in a shorter time required than in the batching
method.

[0022] On the basis of the above findings, in the above
mode (1) of the present invention, at least one representative
value of at least one random variable is determined and a
statistic of the at least one random variable is determined.
Furthermore, in the mode (1), a gradient of a function of the
at least one random variable with respect to the determined
at least one representative value is determined, and, by the
use of the determined gradient, the determined statistic of
the at least one random variable is transformed into a
statistic of the function.

[0023] Hence, the mode (1) would permit the estimation
of a measure of randomness of a function of at least one
representative value, by the use of a smaller size of data used
than in the conventional batching method, in a shorter time
required than in the batching method.

[0024] The term “representative value” may be defined, in
the above mode (1) and other modes of the present inven-
tion, to mean a measure of central tendency of a distribution
of a plurality of individual data values belonging to the at
least one random variable or the function, for instance.

[0025] Further, in the case of a plurality of random vari-
ables or a plurality of functions, the term “representative
value” may be defined, in the above mode (1) and other
modes of the present invention, to mean a plurality of
representative values for the plurality of random variables or
functions, respectively, for instance.

[0026] In addition, the step of determining a gradient may
be constituted to exactly or approximately determine the
gradient. For example, the step of determining a gradient
may be adapted to determine a gradient of the function
exactly at the at least one representative value, and may be
adapted to determine a gradient of the function in the
vicinity of the at least one representative value.

[0027] Furthermore, the term “function™ is interpreted, in
the above mode (1) and other modes of the present inven-
tion, as an operator for associating the at least one random
variable with at least one other variable, one example of
which may be a performance function described below,
which function associates the at least one random variable
with a performance measure.
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[0028] (2) The method according to the above mode (1),
wherein the step of transforming comprises transforming the
statistic of the at least one random variable into the statistic
of the function, such that the statistic of the function
responds to the statistic of the at least one random variable
more sensitively in the case of the gradient being steep than
in the case of the gradient being gentle.

[0029] In the above mode (2), in light of the statistical
characteristic aforementioned, which has been recognized
by the inventor, a statistic of at least one random variable is
transformed into a statistic of a function, such that the
statistic of the function responds to the statistic of the at least
one random variable more sensitively in the case of the
gradient being steep than in the case of the gradient being
gentle. (3) The method according to the above mode (1) or
(2), wherein each one of the at least one representative value
of the at least one random variable comprises at least one of
an average, an arithmetic mean, a geometric mean, a
median, a harmonic mean, and a mode, of each one of the
at least one random variable.

[0030] (4) The method according to any one of the above
modes (1) to (3), wherein the step of determining the at least
one representative value comprises determining the at least
one representative value of the at least one random variable,
upon truncating at least one part of individual data values
belonging to the at least one random variable.

[0031] In the above mode (4), the at least one represen-
tative value is determined with the removal of abnormal data
out of the plurality of individual data values by the appli-
cation of truncation to the original individual data values,
resulting in the improvement in an accuracy of determining
the at least one representative value, followed by the
improvement in an accuracy of estimating the randomness
of the function of the at least one random variable.

[0032] (5) The method according to any one of the above
modes (1) to (4), wherein the statistic of each one of the at
least one random variable comprises at least one of a
standard deviation, a confidence interval, a set of data, a
probability density function, and a cumulative density func-
tion, of the each random variable.

[0033] (6) The method according to any one of the above
modes (1) to (5), wherein the statistic of the function
comprises at least one of a standard deviation, a confidence
interval, a set of data, a probability density function, and a
cumulative density function, of the function.

[0034] (7) The method according to any one of the above
modes (1) to (6), further comprising a step of estimating the
measure of randomness of the function of the at least one
representative value, on the basis of the statistic of the
function.

[0035] (8) The method according to the above mode (7),
wherein the measure of randomness comprises a range of a
confidence interval of the function of the at least one
representative value.

[0036] (9) The method according to the above mode (7) or
(8), applied to a simulation for discrete event, results of
which simulation is used to effect the method, wherein the
step of estimating comprises estimating the measure of
randomness using results of only one execution of the
simulation.



US 2002/0143495 A1l

[0037] The above mode (9) would permit the estimation of
the randomness of the function of the at least one random
variable in a shorter time than estimated by the conventional
batching method aforementioned.

[0038] Furthermore, this mode (9) would allow the reduc-
tion in time length required for the randomness estimation
described above for one simulation, and as a result, this
mode (9) would facilitate to perform the randomness esti-
mation for other simulation within a given time.

[0039] Consequently, in the case where a plurality of
simulations for a system to be investigated on its perfor-
mance is required for the above randomness estimation, this
mode (9) would permit the randomness estimation for those
plurality of simulations in a shorter time than the conven-
tional batching method mentioned before.

[0040] Thus, this mode (9) would also facilitate to com-
pare the estimated measures of randomness for those plu-
rality of simulations within a reduced time, facilitating an
optimization of the system to be investigated using simula-
tions, within a shorter time, at an improved accuracy.

[0041] (10) The method according to the above mode (9),
wherein an accuracy to be satisfied with the statistic of the
function is predetermined, and the step of determining a
statistic comprises:

[0042] (a) determining the statistic of the at least one
random variable, on the basis of a sum of individual
data values belonging to the at least one random
variable;

[0043] (b) determining the statistic of the at least one
random variable on the basis of the sum, upon adding
to the sum at least one new individual data value
belonging to the at least one random variable;

[0044] (c) determining the statistic of the at least one
random variable when at least one new individual
data value belonging to the at least one random
variable becomes available during the simulation;

[0045] (d) transforming the determined statistic of
the at least one random variable into the statistic of
the function; and

[0046] (e) terminating the simulation when the pre-
determined accuracy is satisfied with the statistic of
the function.

[0047] The above mode (10) would facilitate to monitor
the increase in an accuracy of the statistic of the function of
the at least one random variable as the simulation
Progresses.

[0048] In addition, this mode (10) would facilitate to
automatically terminate the simulation when the predeter-
mined accuracy of the statistic of the function of the at least
one random variable is reached.

[0049] (11) The method according to any one of the above
modes (1) to (10), wherein the function is a function of a
plurality of random variables, the step of transforming
comprising:

[0050] (a) determining a measure of randomness of
each one of the random variables at or in the vicinity
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of a representative value of each one of the obtained
plurality of random variables, as the statistic of each
random variable;

[0051] (b) determining a measure of dependence
between the plurality of random variables; and

[0052] (c) transforming the determined measures of
randomness of the plurality of random variables into
a measure of randomness of the function, using the
determined measure of dependence and the deter-
mined gradient.

[0053] Inthe above mode (11), in the case of a plurality of
random variables, the randomness of the function of the
plurality of random variables is estimated by taking account
of a measure of dependence between those random wvari-
ables.

[0054] Subsequently, this mode (11) would allow, in the
case of a plurality of random variables, the accurate esti-
mation of the randomness of the function of those random
variables.

[0055] (12) The method according to the above mode (11),
wherein the measure of randomness of the each random
variable comprises at least one of a maximum likelihood
estimator of a variance of the each random variable, an
unbiased estimator of the variance, a maximum likelihood
estimator of a standard deviation of the each random vari-
able, an unbiased estimator of the standard deviation, a
variance of a representative value of the each random
variable, a standard deviation of a representative value of the
each random variable, a coefficient of variation of the each
random variable, a general central moment of the each
random wvariable, a confidence interval of the each random
variable, a set of data indicative of the each random variable,
a probability density function of the each random variable,
and a cumulative density function of the each random
variable.

[0056] (13) The method according to the above mode (11)
or (12), wherein the measure of dependence comprises at
least one of an unbiased estimator of a covariance of the
plurality of random variables, a maximum likelihood esti-
mator of the covariance, and a correlation coefficient of the
plurality of random variables.

[0057] (14) The method according to any one of the above
modes (1) to (13), wherein the function is a function of a
plurality of random wvariables, the step of transforming
comprises transforming the obtained statistic of the plurality
of random variables into the statistic of the function, without
a calculation of a measure of dependence between the
plurality of random variables.

[0058] Inthe above mode (14), in the case of a plurality of
random variables, a statistic obtained for those random
variables is transformed into a statistic of the function,
without a calculation of the dependence between those
random wvariables.

[0059] Thus, this mode (14) would permit, in the case
where the number of the at least one random variable is
plural, and where the plurality of random wvariables are
independent of each other or are dependent from each other
at a negligible low level, the estimation of the randomness
of the function of the random variables in a shorter time than
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when, upon the calculation of dependence between those
random variables, the transformation between statistics is
performed.

[0060] (15) A method of determining a set of data of a
function of a representative value of each one of at least one
random variable, which set of data allows an evaluation of
a statistic of the function, comprising:

[0061] a step of obtaining a set of individual data
values belonging to each random variable, which set
represents an approximation of a distribution of the
each random variable;

[0062] a step of determining the representative value
of the each random wvariable;

[0063] a step of determining a gradient of the func-
tion with respect to the determined representative
value; and

[0064] a step of transforming the obtained set of
individual data values into the set of data represent-
ing the function.

[0065] In the above mode (15), in light of the findings
recognized by the inventor of the present invention, as
described with relation to the above mode (1), a set of a
plurality of individual data values belonging to the each
random variable, which set represents an approximation of
a distribution of the each random variable is obtained, and
a representative value of the each random variable is deter-
mined. Furthermore, in this mode (15), a gradient of the
function of the at least one random variable with respect to
the determined representative value is determined, and by
the use of the determined gradient, the obtained set of
individual data values for the at least one random variable is
transformed into a set of data representing the values of the
function.

[0066] Consequently, this mode (15) would permit the
estimation of a measure of randomness of a function of at
least one random variable in the form of a set of data
representing the randomness, according to basically the
same principle as the one accepted in the above mode (1).

[0067] (16) The method according to the above mode (15),
wherein the step of transforming the set of individual data
values of the each random variable into the set of data
representing the function, such that the set of data repre-
senting the function responds to the set of individual data
values more sensitively in the case of the gradient being
steep than in the case of the gradient being gentle.

[0068] (17) The method according to the above mode (15)
or (16), further comprising a step of estimating a measure of
randomness of the function of the representative value, on
the basis of the set of data representing the function.

[0069] (18) The method according to the above mode (17),
wherein the measure of randomness comprises a range of a
confidence interval of the function of the representative
value.

[0070] (19) The method according to the above mode (17)
or (18), applied to a simulation for discrete event, results of
which simulation is used to effect the method, wherein the
step of estimating comprises estimating the measure of
randomness using results of only one execution of the
simulation.
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[0071] The above mode (19) would provide basically the
same operation and advantageous effects as the above mode
(9) would.

[0072] (20) The method according to any one of the above
modes (1) to (19), applied to an analysis of a plurality of
business models to be accepted in realizing a given business,
wherein a function of at least one of random variable is
predetermined for each one of the plurality of business
models, and the function of a representative value of the
each random variable for one of the plurality of business
models is to be compared with the function of a represen-
tative value of the each random variable for another of the
plurality of business models.

[0073] The above mode (20) would allow the determina-
tion of an accuracy of the function of the at least one random
variable, for each business model.

[0074] In addition, this mode (20) would permit the deter-
mination of the likelihood of one business model outper-
forming another business model.

[0075] (21) A method of estimating a measure of random-
ness of at least one random variable to satisfy a predeter-
mined condition regarding a measure of randomness of a
function of at least one representative value of the at least
one random variable, the predetermined condition being
formulated to define a central location and a measure of
dispersion, of a distribution of the function, comprising:

[0076] a step of determining a gradient of the func-
tion with respect to the defined central location; and

[0077] astep of determining the measure of random-
ness of the at least one random variable, on the basis
of the determined gradient and the defined measure
of dispersion.

[0078] As is apparent from the previous explanation
regarding the above mode (1), it is possible to mutually
associate a measure of randomness of at least one random
variable, and a measure of randomness of a function of at
least one representative value of the at least one random
variable. This means that, the use of a gradient of the
function would permit not only a forward estimation to
estimate a measure of randomness of the function of the at
least one representative value of the at least one random
variable, from a measure of randomness of the at least one
random variable, but also a backward estimation to estimate
a measure of randomness of the at least one random variable,
from a measure of randomness of the function of the at least
one representative value of the at least one random variable.

[0079] In view of the above findings, in the above mode
(21), a condition to be satisfied by a measure of randomness
of a function of at least one representative value of at least
one random variable is predetermined, where the predeter-
mined condition defines a central location of a distribution
of the function, and a measure of dispersion of the distri-
bution. Furthermore, in this mode (21), a gradient of the
function with respect to the defined central location is
determined, on the basis of the determined gradient and the
defined measure of dispersion, and a measure of randomness
of the at least one random variable.

[0080] (22) The method according to the above mode (21),
wherein the step of determining the measure comprises
transforming the defined measure of dispersion into the
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measure of randomness of the at least one random variable,
such that the measure of randomness of the at least one
random variable responds to the defined measure of disper-
sion more sensitively in the case of the gradient being steep
than in the case of the gradient being gentle.

[0081] In the above mode (22), by the use of a gradient of
the function, according to a principle accompanied with
necessary changes to one accepted in the above mode (2),
the defined measure of dispersion of the function is trans-
formed into a measure of randomness of the at least one
random variable.

[0082] (23) The method according to the above mode (21)
or (22), wherein the measure of dispersion comprises at least
one of a standard deviation, a confidence interval, a set of
data, a probability density function, and a cumulative den-
sity function, of the function.

[0083] (24) The method according to any one of the above
modes (21) to (23), wherein the measure of randomness of
cach one of the at least one random variable comprises at
least one of a standard deviation, a confidence interval, a set
of data, a probability density function, and a cumulative
density function, of the each random variable.

[0084] (25) A computer program to be executed by a
computer to effect the method according to any one of the
above modes (1) to (24).

[0085] When a computer program according to the above
mode (25) is executed by a computer, the same advanta-
geous effects would be provided, according to basically the
same principle as one accepted in a method set forth in any
one of the above modes (1) to (24).

[0086] The term “program” may be interpreted to include,
not only a set of instructions to be executed by a computer
so that the program may function, but also any files and data
to be processed by the computer according to the set of
instructions.

[0087] (26) A computer-readable storage medium having
stored therein the computer program according to the above
mode (25).

[0088] When the program having been stored in a com-
puter-readable storage medium is executed by a computer,
the same advantageous effects would be provided, according
to basically the same principle as one accepted in a method
set forth in any one of the above modes (1) to (24).

[0089] The term “storage medium” may be realized in
different types, including a magnetic recording medium such
as a floppy-disc, an optical recording medium such as a CD
and a CD-ROM, an optical-magnetic recording medium
such as an MO, an unremovable storage such as a ROM, for
example.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0090] The foregoing summary, as well as the following
detailed description of preferred embodiments of the inven-
tion, will be better understood when read in conjunction with
the appended drawings. For the purpose of illustrating the
invention, there is shown in the drawings embodiments
which are presently preferred. It should be understood,

Oct. 3, 2002

however, that the invention is not limited to the precise
arrangements and instrumentalities shown. In the drawings:

[0091] FIG. 1 is graphs for explaining a relationship
between a random variable X, a performance measure Z, a
performance function f, and a tangent function f', which
relationship is established in a method of estimating a
measure of randomness of a function of a random variable
according to a first embodiment of the present invention;

[0092] FIG. 2 is a block diagram schematically illustrat-
ing a hardware arrangement of a computer system used by
a user thereof for effecting the above method of FIG. 1;

[0093] FIG. 3 is a flow chart schematically illustrating a
random-variable-function-randomness estimation program

executed by a computer 20 of FIG. 2 to effect the above
method of FIG. 1;

[0094] FIGS. 4A to 4G show equations (1) to (7), respec-
tively, for explaining the above estimation program of FIG.
3;

[0095] FIG. 5 is a histogram illustrating a frequency

distribution of a random variable in the above method of
FIG. 1;

[0096] FIG. 6 is a graph schematically illustrating an
event to which the above method of FIG. 1 is applied;

[0097] FIG. 7 is a histogram illustrating a frequency
distribution of a random variable in the above method of
FIG. 1, which random variable has been truncated;

[0098] FIGS. 8A to 8F show equations (8) to (13), respec-
tively, for explaining the above estimation program of FIG.

>

[0099] FIGS. 9A to 9C show equations (14) to (16),
respectively, for explaining the above estimation program of
FIG. 3,

[0100] FIGS. 10A to 10D show equations (17) to (20),
respectively, for explaining the above estimation program of
FIG. 3;

[0101] FIG. 11 is a flow chart schematically illustrating a
random-variable-function-randomness estimation program
executed by a computer to effect a method of estimating a
measure of randomness of a function of a random variable
according to a second embodiment of the present invention;

[0102] FIG. 12 is a flow chart schematically illustrating a
random-variable-function-randomness estimation program
executed by a computer to effect a method of estimating a
measure of randomness of a function of a random variable
according to a third embodiment of the present invention;

[0103] FIGS. 13A to 13C show equations (21) to (23),
respectively, for explaining the above estimation program of
FIG. 12; and

[0104] FIG. 14 is a flow chart schematically illustrating a
random-variable-randomness estimation program executed
by a computer to effect a method of estimating a measure of
randomness of a random variable according to a fourth
embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0105] Several presently preferred embodiments of the
invention will be described in detail by reference to the
drawings in which like numerals are used to indicate like
elements throughout.
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[0106] [First Embodiment]

[0107] Referring first to FIG. 1, there will be described a
technological principle accepted in a first embodiment of the
present invention in the form of a method of estimating a
measure of randomness of a function of at least one random
variable (hercinafter referred to simply as “randomness
estimating method”) by a graph thereon. In the first embodi-
ment, a measure of randomness of a function of at least one
representative value of at least one random variable is
estimated using a gradient of the function, and thereby
transforming a measure of randomness of the at least one
random variable into a measure of randomness of the
function of the at least one representative value of the at least
one random variable.

[0108] Described in more detail, in the first embodiment,
the representative value of each random wvariable is used in
the form of a mean thereof, and the function of the mean is
used in the form of a performance function which is a
function of a mean time between occurrences and which is
to derive a frequency of occurrence from the mean time
between under the function. In FIG. 1, a two-dimensional
coordinate system is shown with a random variable x being
taken along the horizontal axis, and with a performance
measure z of a system to be investigated by a simulation,
being taken along the vertical axis. In the coordinate system,
the performance function in the form of z=f(X) is shown by
a broken line, while a tangent function in the form of z=f'(X)
representing a tangent (i.e., a tangent line or plane) of the
performance function is shown by a solid line.

[0109] Referring next to FIG. 2, where is schematically
illustrated by a block diagram a hardware arrangement of a
computer system 10 to be used by a user to effect the
aforementioned randomness estimating method according to
the first embodiment.

[0110] The computer system 10 is constructed, as well
known to those skilled in the art, to have a computer 20 so
configured that a processing unit (referred to as “PU” in the
drawings and the description) 12 and a storage 14 are
connected with each other with a bus 16. The computer 20
is connected with an input device 30 equipped with a
pointing device in the form of a mouse and a keyboard, and
an output device 40 displaying an image on a screen thereof
The storage 14 is constructed to contain a recording medium
such as a ROM, a RAM, a magnetic disc, an optical disc, etc.
The user of the computer system 10 inputs data to be
required, into the computer 20 through the input device 30.
In response to the input operation, results of data processing
performed by the computer 20 are visualized to present
before the user by means of the output device 40.

[0111] The storage 14 has already stored therein a random-
variable-function estimation program (referred to as “esti-
mation program”) to be executed by the PU 12 in order to
effect the randomness estimation method according to the
first embodiment of the present invention. The storage 14 is
designed to store therein data to be used during the execution
of the estimation program by the PU 12, where appropriate.

[0112] Referring next to FIG. 3, there is schematically
illustrated by a flow chart the estimation program mentioned
above. While this program will be described below in
reference to the flow chart, definitions of several symbols
used in the estimation program will be first explained.
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[0113] X: random variable as constructed by a set of
individual data values Xx;

[0114] x;: each one of the individual data values belong-
ing to random variable X

[0115] Y: random variable as constructed by a set of
individual data values y;

[0116] y;: eachone of the individual data values belong-
ing to random variable Y

[0117]

[0118] n: set size, namely, the number of individual data
values in each set thereof

i: numeral of each individual data value

[0119] Z: performance measure of a system to be inves-
tigated by a simulation

[0120]

[0121] Z, ,,(1-a)/2: chi-square distribution (1-a)/2
quantile for set size n

a: confidence level

[0122] E[X]: mean (or expected value) of random vari-
able X

[0123] E[Y]: mean (or expected value) of random vari-
able Y

[0124] E[Z]: mean (or expected value) of performance
function or performance measure

[0125] S[X]: standard deviation of random variable X

[0126] S[Y]: standard deviation of random variable Y

[0127] S[Z]: standard deviation of performance func-
tion

[0128] f(E[X]): general function of mean (or expected

value) of random variable X

[0129] fE[X]E[Y],...): general function of means (or
expected values) of random variables X, Y, . . .

[0130] CI[X]: confidence interval half width of random
variable X

[0131] Cov[X, Y]: covariance of random variables X,Y

[0132] CorX, Y]: correlation coefficient of random
variables X, Y

[0133] W: frequency of occurrence

[0134] P: duration divided by time between start of
durations’ cycles

[0135] E[W]: mean (or expected value) of frequency W
as a function of the mean of random variable X

[0136] E[P]: mean (or expected value) of percentage P
as a function of the means of random variables X and
Y

[0137] The randomness estimating method according to
the first embodiment of the present invention requires at
least one random variable, in which a plurality of individual
data values thereof are randomly distributed. Equation (1) of
FIG. 4A represents, by way of an example where the
random variable is X, that the random variable X is con-
structed to form a set of individual data values x;. FIG. 5
shows a histogram of an example of a set of individual data
values in a random log-normal distribution manner, for the
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better understanding of a relationship (i.e., a frequency
distribution) between a random variable and a frequency
thereof.

[0138] The randomness estimating method according to
the first embodiment also requires a performance function of
the means of at least one random variable. Equation (2) of
FIG. 4B shows such a performance function as a general
function f, where a performance measure Z is a function of
random variables X, Y, . . . A frequently used embodiment
of the performance measure is for example a frequency of
occurrence, where the frequency W is a function of the mean
E[X] of a randomly distributed time X between occurrences
as shown by equation (3) in FIG. 4C. Another frequently
used embodiment of the performance measure is for
example a percentage, where the percentage P is a function
of the mean E[X] of a randomly distributed time X between
occurrences, and the mean E[Y] of a randomly distributed
duration Y of the occurrences as shown by equation (4) of
FIG. 4D.

[0139] Referring next to FIG. 6, there are schematically
illustrated by way of example several individual data values
x; belonging to time between occurrences X, which serves as
a first random variable, and several individual data values y;
belonging to duration of occurrences Y, which serves as a
second random variable.

[0140] The randomness estimation program will be
described by referring to the flow chart of FIG. 3.

[0141] This program is initiated with step S1 where infor-
mation regarding a random variables, which is to say, a set
of data representing individual data values x;, y; of the
random variables is prepared.

[0142] Ttis to be added that, if necessary, the data set of the
random variables may be truncated by removing a percent-
age of the smallest and/or largest individual data values. This
is schematically shown in FIG. 7, where an unequal part of
the smallest and the largest individual data values of the
example in FIG. 5 has been removed.

[0143] It is to be also added that, for example, a set of data
of the random variables may be removed during a warming
up period (i.e., considered as a transition period of the
aforementioned system in operation).

[0144] Step S1 described above is followed by step S2 to
calculate a sum of all individual data values x;, y; belonging
to each random variable.

[0145] Then, in step S2, the calculated sum is divided by
the number n of the individual data values x;, y;, to thereby
determine the arithmetic mean of all the individual data
values as the mean E[X], E[Y].

[0146] Subsequently, step S3 is implemented to determine
a standard deviation S[X] of all the individual data values
belonging to random variable X, and a standard deviation
S[Y] of all the individual data values belonging to random
variable Y. There are different estimators of a standard
deviation, for example, an unbiased estimator of the stan-
dard deviation, or a maximum likelihood estimator of the
standard deviation. While the unbiased estimator of the
standard deviation is preferred, either estimator can be used.
Similar is true for a variance, which, by definition, is merely
a square of a standard deviation. For independent and
identically distributed data, the unbiased estimator of the
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standard deviation S[X] can be calculated as shown by
equation (6) in FIG. 4F. The maximum likelihood estimator
SML[X] can be calculated as shown by equation (7) in FIG.
4G.

[0147] Then, in step S4, a variable analysis is performed
to determine a measure of dependence between the random
variables, in the case of a plurality of random variables. If
the random variables are independent, no measure of depen-
dence therebetween is needed. However, if the random
variables are not independent, a measure of dependence
therebetween is necessary. A covariance thereof is used as a
measure of dependence therebetween. A biased estimator of
the covariance of two random variables is calculated as
shown by equation (8) in FIG. 8A.

[0148] 1t is to be added that, in step S4, instead of the
unbiased estimator of the covariance Cov[ X, Y], a maximum
likelihood estimator of the covariance COV,p; [ X, Y] can be
used, as shown by equation (9) in FIG. 8B. The difference
therebetween is small, and either estimator can be used in
the randomness estimating method according to the first
embodiment of the present invention.

[0149] TItis to be also added that, in step S4, alternatively,
a correlation coefficient Corr[ X, Y] can be substituted for the

covariance Cov[X, Y] as shown by equation (10) in FIG.
8C.

[0150] Step S4 described above is followed by step S5 to
determine a gradient or a slope of the performance function
mentioned above of the means of all the individual data
values for all the random variables X, Y, at the mean values
E[X], E[Y]. These gradients can be visualized as tangents at
the points of the mean values. The example is shown in FIG.
1, where a frequency performance function (indicated by a
broken line) is plotted with the tangent (indicated by a solid
line) at the mean time between occurrences E[X]. FIG. 1
further shows a frequency distribution of the random vari-
able X by a solid line convex upward, a frequency distri-
bution of the performance measure Z by a solid line convex
rightward, respectively.

[0151] The slope for one random variable is determined by
differentiating the performance function with respect to this
random variable. This has to be done for all the random
variables, giving one slope for each random variable.

[0152] 1t is to be added that equation (3) in FIG. 4C
shows, as one example, a performance function g for a
frequency W, while equation (11) in FIG. 8D shows a
differential of the performance function g with respect to the
single random variable X. Equation (4) in FIG. 4D shows,
as another example, a performance function h for a percent-
age P, where the percentage P is calculated on the basis of
two random variables X, Y. Two differentials of the perfor-
mance function h are shown by equations (12) and (13) in
FIGS. 8E, 8F, respectively.

[0153] However, it is not essential in using the present
invention to exactly determine the gradient of the perfor-
mance function so as to be equal to the gradient of the
performance function exactly at the mean value. The present
invention may be used to approximately determine the
gradient of the performance function so as to be equal to the
gradient of the performance function at one of the plurality
of individual data values close to the mean thereof. Any
approach to determine the gradient would not limit the scope
of the present invention.
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[0154] Step S5 previously described is followed by step
S6 to determine the mean value E[Z] of the performance
function. This can be done easily by applying the corre-
sponding performance function g, h to the mean E[X], E[Y]
of the corresponding random variable, as shown for an
example of the frequency W by equation (3) in FIG. 4C, and
for an example of the percentage P by equation (4) in FIG.
4D.

[0155] Step S7 is subsequently executed to translate or
transform the standard deviation S[X], S[Y] of the random
variables X, Y as calculated in step S3 into the standard
deviation S[Z] of the performance function, using the gra-
dient determined in step SS.

[0156] For one random variable, this can be done easily as
shown by equation (14) in FIG. 9A. Equation (14) indicates
that an operation to multiply the standard deviation S[X] by
the differential df/dE[X] permits the standard deviation S[X]
to be translated into the standard deviation S[Z] of the
performance measure Z. It is to be noted that the square root
of the square ensures a positive standard deviation.

[0157] For two random variables, equation (15) shown in
FIG. 9B can be used. Equation (15) indicates that an
operation to multiply the standard deviation S[X] by the
differential df/dE[X], an operation to multiply the standard
deviation S[Y] by the differential df/dE[Y], and an operation
to multiply the covariance Cov[X, Y] by the differentials
df/dE[X] and df/dE[Y] corporate to permit two standard
deviations S[X] and S[Y] to be translated into one standard
deviation S[Z] of the performance measure Z. Equation (15)
has a term of the covariance, namely, Cov[X, Y], a value of
which is used as one calculated in step S4.

[0158] 1t is to be noted that if those random variables are
independent, the covariance Cov[X, Y] is zero and the term
can be dropped. However, irrespective of whether those
random variables are independent or not, the present inven-
tion may be practiced such that the term of the covariance is
neglected in equation (15).

[0159] For more than two random variables, more com-
plex statistical methods of the random variables have to be
used.

[0160] Summing up, not the performance function is used
to reflect the standard deviation of the random variables on
the standard deviation of the performance function, but
instead the slope is used to reflect the standard deviation of
the random variables on the standard deviation of the
performance function.

[0161] Described more specifically, in the present embodi-
ment, the standard deviation of the random wvariables is
transformed into the standard deviation of the performance
function according to a ratio responsive to the gradient of the
performance function, by taking account of a statistical
characteristic that, while a standard deviation of a random
variable strongly tends to be transformed into a standard
deviation of a performance function in an enlarged manner
when a gradient of the performance function is steep, a
standard deviation of a random variable strongly tends to be
transformed into a standard deviation of a performance
function in a reduced manner when a gradient of the
performance function is gentle.

[0162] Step S7 is followed by step S8 to normalize the
standard deviation of the performance measure of the per-
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formance function for the number n of the individual data
values of the set thereof for the random variables. The
current standard deviation S[Z] is a theoretical value of each
individual data value. Subsequently, to obtain the standard
deviation of the mean value of the performance function, the
standard deviation of the performance function has to be
divided by the square root of the number n of individual data
values as shown by equation (16) in FIG. 9C, resulting in a
normalized standard deviation S_ ., [Z]. This value is auto-
matically included in the calculation of a confidence interval
in the next step S9.

[0163] Step S9 uses the mean E[Z] of the performance
function determined in step S6, and the standard deviation of
the performance function determined in step S8, in order to
determine a confidence interval of the performance measure
of the performance function. This confidence interval
depends on the selected confidence level a, the size of the
samples n (i.e., the set size), the standard deviation of the
general performance function S[Z], and the mean of the
general performance function E[Z]. A confidence interval
half width CI[Z] is calculated as shown by equation (17) in
FIG. 10A, where Z__, (1-2)/2 is the (1-a)/2 Quantile of the
chi-square distribution for n-1 elements. The confidence
interval half width CI[Z] gives a confidence interval range as
shown by equation (20) in FIG. 10D.

[0164] 1t is to be added that there are additional
approaches to calculate a confidence interval, as for example
the use of a student t distribution. Any approach to calculate
a confidence interval would not limit the scope of the present
invention.

[0165] Then, one cycle of execution of this program is
terminated.

[0166] The present embodiment will be described more
specifically, by referring to one example to which the present
embodiment is practically applied, comparing with the
aforementioned batching method serving as one of conven-
tional methods for the same purposes.

[0167] The applied example of the present embodiment
assumes the simulation of a manufacturing system. Within
this sample, the failures of a certain machine are analyzed.
To simplify the problem, the machine is supposed to be
placed either in a state of repair following a failure, or in a
state of being available. A simulation is performed to deter-
mine the performance of the simulated manufacturing sys-
tem.

[0168] Within this simulation, the time between the occur-
rence of a failure x is recorded, creating a set of data of times
between failures X. The time to repair a failure is also
recorded, creating a set of data Y. It is to be noted that the
repair time y is part of the time between failures x, as shown
in FIG. 6.

[0169] A failure is a rare event, with a long average time
between the occurrences of two failures. Subsequently, even
after running the simulation for a long time, only a few
failures occurred. For the selected long simulation time, a set
of 16 independent and identically distributed individual data
values for random variables X and Y were obtained after
removing the warming up period. This relates to step S1 in
the flow chart of FIG. 3.

[0170] A small set of individual data values fails to allow
the use of the above-mentioned batching method. While it is
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possible to divide the 16 values into 4 batches of 4 values,
the resulting batch means would be highly inaccurate. The
standard deviation of the batch means would depend on only
4 batch means, and therefore the standard deviation would
also be highly inaccurate. Subsequently, it would be neces-
sary to run a longer simulation to permit the batch means
method. Since the simulation to obtain 16 values was
already very long, a longer simulation is undesirable.

[0171] However, the present embodiment previously
described allows the calculation of a confidence interval
without further effort.

[0172] In the present embodiment, an initial analysis by
the above simulation of two random variables X and Y using
equations (5) and (6) in FIGS. 4E, 4F and equations (8) and
(10) in FIGS. 8A, 8C gives the following values for the
arithmetic means E[X], E[Y], the unbiased standard devia-
tions S[X], S[Y], the unbiased covariance Cov [X, Y], and
the unbiased correlation coefficient Corr[ X, Y]:

[0173] E[X]=109 min
[0174] E[Y]=15 min
[0175] S[X]=53 min
[0176] S[Y]=10 min
[0177] Cov[X, Y]=105 min
[0178] CorfX, Y]=0.1981

[0179] The correlation coefficient Corr[ X, Y] indicates a
positive dependence of the random variables X and Y, that
is, a relatively long time between failures is likely to be
followed by a relatively long time to repair the machine.
This relates to steps S2, S3, and S4 in the flow chart in FIG.
3.

[0180] In step S5, the gradient of the performance func-
tions for X and Y is calculated. Based on the mean value of
the time between failures X, a failure frequency W is
calculated according to equation (3) in FIG. 4C. Also, a
percentage P of the time during which the machine is under
repair is calculated as a function of the means as shown as
equation (4) in FIG. 4D. The derivatives of the performance
functions are shown as equations (11), (12) and (13) in
FIGS. 8D, 8E, 8F, respectively. The values of the deriva-
tives at the mean are shown below:

[0181] dW/dE[X]=0.00008417
[0182] dP/IE[X]=0.001263
[0183] dP/E[Y]=0.009174

[0184] In step S6, the mean values of the performance
functions are determined. Accordingly, the value of the
frequency W is 0.009174 failures per minute and the value
of the percentage P is 13.76%.

[0185] In step S7, the standard deviations of the perfor-
mance value of the performance functions are calculated
according to equation (14) in FIG. 9A for the frequency W,
equation (15) in FIG. 9B for the percentage P. Subsequently,
the standard deviation of the frequency W is 0.004461
failures per minute and the standard deviation of the per-
centage P is 10.23%.

[0186] However, these standard deviations are with
respect to the size n of the data set. Then, in step S8, the
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standard deviations of the means are calculated according to
equation (16) in FIG. 9C for the normalization. Subse-
quently, the standard deviation of the mean of the frequency
W is 0.001115 and the standard deviation of the mean of the
percentage P is 2.557%.

[0187] Finally, in step S9, a confidence interval is con-
structed according to equation (17) in FIG. 10A. A confi-
dence level a of 95% was selected. The confidence interval
half width for the frequency W is 0.002377 and the confi-
dence interval half width for the percentage P is 5.450%.
This relates to a confidence interval of the frequency in
failures per minute as shown below. This confidence interval
is also given using a unit of the number of failures per eight
hour shift.

[0188] 0.004461%0.002377 Failures/Minute
[0189] 2.14%1.14 Failures/Shift

[0190] Similarly, the confidence interval of the percentage
P can be given as shown below:

[0191] 10.2%7F5.45%

[0192] Therefore, the present embodiment allowed the
calculation of a confidence interval for the set of data, even
though a standard batching method cannot be used due to the
small sample size. The resulting confidence interval can be
used to decide if the information is accurate enough or if
additional simulation is necessary to collect more data and
to improve the accuracy of the results.

[0193] 1t will be understood from the above explanation
that step S1 provides an example of the step of obtaining set
forth in the above mode (1), step S2 provides an example of
the step of determining the at least one representative value
set forth in the same mode, step S3 provides an example of
the step of determining a statistic set forth in the same mode,
step S5 provides an example of the step of determining a
gradient set forth in the same mode, and steps S4, S7, and
S9 corporate to provide an example of the step of trans-
forming set forth in the same mode.

[0194] [Second Embodiment]

[0195] There will next be described a method of estimat-
ing a measure of randomness of a function of at least one
representative value of at least one random variable, con-
structed according to a second embodiment of this inven-
tion. However, since the second embodiment is similar to the
first embodiment in a hardware construction for the estima-
tion of the measure of randomness except a software con-
struction for the estimation of the measure of randomness,
especially a random-variable-function-randomness estima-
tion program to be executed by a computer corresponding to
the computer 20 in the first embodiment, only this program
will be described in detail.

[0196] In the first embodiment, a standard deviation of at
least one random variable is used to determine a measure of
randomness of the at least one random variable. Described
more specifically, a standard deviation as one type of sta-
tistic representing a measure of randomness of the at least
one random variable, and afterward, the determined standard
deviation is converted into a standard deviation as one type
of statistic representing a measure of randomness of a
performance function. Finally, a confidence interval of the
performance function is determined.
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[0197] In the present embodiment, a confidence interval
half width of the at least one random variable is used to
determine a measure of randomness of the at least one
random variable. In other words, a confidence interval half
width as one type of statistic representing a measure of
randomness of the at least one random variable is deter-
mined, and subsequently, the determined confidence interval
half width is transformed into a confidence interval half
width as one type of statistic representing a measure of
randomness of the performance function.

[0198] Referring next to FIG. 11, there is schematically
illustrated by a flow chart the random-variable-function-
randomness estimation program mentioned above in the
present embodiment.

[0199] Steps S31, S32, and S33 of this program are
executed in such a manner as in steps S1, S2, and S3 of the
corresponding program in the first embodiment.

[0200] This program then proceeds to step S34 in which a
confidence interval half width is calculated for all the
random variables X, Y obtained in step S31. A standard
equation as shown as equation (17) in FIG. 10A can be used,
using the standard deviation S[X], S[Y] of the random
variables X, Y instead of the standard deviation S[Z] of the
performance measure Z of the performance function. The
confidence interval half width is also a measure of variation
of the random variables X, Y. A confidence level a has to be
chosen to calculate a confidence interval half width.

[0201] Subsequently, in step S35, the covariance Cov[X,
Y] of the random variables X, Y is calculated in such a
manner as in step S4 of the first embodiment.

[0202] Then, in step S36, the correlation coefficient Corr
[X, Y] is calculated if more than one random variable is used
in the performance function. Here, the performance function
is assumed to be a function of two random variables X, Y.
The calculation of the correlation coefficient Cort[ X, Y] is
based on the covariance Cov[X, Y] as determined in step
S35, and the standard deviations S[X], S[Y] of the random
variables X, Y as determined in step S33. Equation (10) in
FIG. 8C shows the functional relation between the corre-
lation coefficient Corr[ X, Y], the covariance Cov[X, Y], and
the standard deviations S[X], S[Y].

[0203] Afterward, in step S37, gradients of the perfor-
mance function of the means E[X], E[Y] are determined for
all the random variables X, Y, at the means E[X], E[Y]
determined in step S32, as in such a manner as in step S5 of
the first embodiment.

[0204] Step S37 is followed by step S38 to determine the
mean value E[Z] of the performance function in such a
manner as in step S6 of the first embodiment.

[0205] Subsequently, in step S39, by the use of the gra-
dients determined in step S37, the confidence interval half
width CI of the random variables X, Y directly (i.e., not by
way of a standard deviation as one type of statistic) into a
confidence interval half width CI of the performance func-
tion.

[0206] Described more specifically, for one random vari-
able, the above translation can be done easily as shown by
equation (18) in FIG. 10B. It is to be note that the square
root of the square ensures a positive confidence interval half
width CL
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[0207] For two random variables, the calculation of the
confidence interval half width CI is calculated using equa-
tion (19) in FIG. 10C. Equation (19) has a term of the
Corr[X, Y] It is to be noted that if the random variables are
independent, the correlation coefficient Corr[X, Y] is zero
and the term can be dropped.

[0208] Whether the number is the random variable(s) is
one or two, the gradient is used in calculating the confidence
interval half width CI, as shown by equations (18) and (19)
in FIGS. 10B, 10C.

[0209] If more than two random variables are used, more
complex statistical approaches have to be used.

[0210] Subsequently, in step S40, the standard deviation
S[Z] of the performance function of the mean in such a
manner as in step S8 of the first embodiment.

[0211] Following step S40, in step S41, the confidence
interval of the performance function is calculated on the
basis of the confidence interval half width CI determined in
step S39, and the mean value E[Z] determined in step S38.
The function to calculate the confidence interval is shown as
equation (20) in FIG. 10D.

[0212] Then, one cycle of the execution of this program is
terminated.

[0213] It will be understood from the above explanation
that step S31 provides an example of the step of obtaining
set forth in the above mode (1), step S32 provides an
example of the step of determining the at least one repre-
sentative value set forth in the same mode, steps S33 and
S34 corporate to provide an example of the step of deter-
mining a statistic set forth in the same mode, step S37
provides an example of the step of determining a gradient set
forth in the same mode, and steps S35, S36, S39, and S41
corporate to provide an example of the step of transforming
set forth in the same mode.

[0214] [Third Embodiment]

[0215] There will next be described a method of estimat-
ing a measure of randomness of a function of at least one
representative value of at least one random variable, con-
structed according to a third embodiment of this invention.
However, since the third embodiment is similar to the first
and second embodiments in a hardware construction for the
estimation of the measure of randomness except a software
construction for the estimation of the measure of random-
ness, especially a random-variable-function-randomness
estimation program to be executed by a computer corre-
sponding to the computer 20 in the first embodiment, only
this program will be described in detail.

[0216] The first and second embodiments of the present
invention require a standard deviation of at least one random
variable, for the estimation of a measure of randomness of
a performance function of the at least one random variable.

[0217] On the contrary, the presented third embodiment
does not use a standard deviation of at least one random
variable at all, in order to estimate a measure of randomness
of a performance function of the at least one random
variable. Rather, the present embodiment creates a tangen-
tial equation to the mean of the performance function, and
translates a set of a plurality of individual data values
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belonging to each random variable, into a set of individual
data values representing the performance function, using the
created tangential equation.

[0218] Summing up, the present embodiment determines a
set of a plurality of individual data values of each random
variable, as a statistic representing a measure of randomness
of the performance function of the random variables.

[0219] Referring next to FIG. 12, there is schematically
illustrated by a flow chart the random-variable-function-
randomness estimation program mentioned above in the
present embodiment.

[0220] Steps S51, S52, and S53 of this program are
executed in such a manner as in steps S1, S2, and S5 of the
first embodiment of the present invention.

[0221] These steps of this program is followed by step S54
in which a tangential equation is determined on the basis of
the means of the random variables, and the gradient of the
performance function.

[0222] The number of dimensions of the tangential equa-
tion equals the number of the random variables. Described
more specifically, if one random variable is used, the tan-
gential equation defines a line. If two random variables are
used, the tangential equation defines a plane. Similar tan-
gents can be constructed for higher order dimensions of the
tangential equation, although the visualization is difficult. A
general tangential equation f' for one random wvariable is
shown as equation (21) in FIG. 13A, while a general
tangential equation f' is shown as equation (22) in FIG. 13B.

[0223] Subsequently, in step S55, the sets of individual
data values for all the random variables are entered in the
tangential equation determined in step S54. The entry pro-
duces a set of data values Z' for the performance function of
the mean values, on the basis of the individual data values
X, y of the random variables X, Y The tangential equation is
shown as equation (23) in FIG. 13C.

[0224] Step S55 is followed by step S56 in which a
standard deviation is calculated for the set of data values Z'
of the performance function. By definition, the mean of the
set of data values Z' equals the performance function of the
mean values of the random variables. The standard deviation
is calculated using equation (6) or (7) in FIG. 4F or 4G for
the unbiased or the maximum likelihood estimator.

[0225] Afterward, in step S57, a confidence interval is
calculated on the basis of the standard deviation of the set of
data values Z', and the number of individual data values in
the data set Z'. The calculation is done using a standard
equation as shown as equation (17) in FIG. 10A to calculate
the confidence interval half width, and equation (20) in FIG.
10D to calculate the confidence interval.

[0226] It is important to note that, in this embodiment, a
complete set of individual data values is available for the
performance function of the means, allowing the use of more
complex and sophisticated approach to determine the con-
fidence interval. For example, it is possible to take the shape
of the distribution of the individual data values into account
to obtain different confidence interval half widths for regions
above and below the mean of the performance function.

[0227] Tt will be understood from the above explanation
that step S51 provides an example of the step of obtaining
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set forth in the above mode (1), and an example of the step
of determining a statistic set forth in the same mode, step
S52 provides an example of the step of determining the at
least one representative value set forth in the same mode,
step S53 provides an example of the step of determining a
gradient set forth in the same mode, and steps S54 to S57
corporate to provide an example of the step of transforming
set forth in the same mode.

[0228] Tt will be also understood from the above expla-
nation that step S51 provides an example of the step of
obtaining set forth in the above mode (15), step S52 provides
an example of the step of determining the representative
value set forth in the same mode, step S53 provides an
example of the step of determining a gradient set forth in the
same mode, and steps S54 and S55 corporate to provide an
example of the step of transforming set forth in the same
mode.

[0229] While the present invention has been described in
detail in its presently preferred embodiments, these embodi-
ments would provide the following advantageous results
optionally or collectively:

[0230] (a) these embodiments allow the calculation
of a measure of randomness of the function of means
of the random variables even for data sets of a
relatively small size (e.g., the minimum size is two
and the recommended size is at least five);

[0231] (b) these embodiments allow the calculation
of a measure of randomness of the function of the
means with greatly improved accuracy over the
conventional batching method previously men-
tioned;

[0232] (c) these embodiments allow the calculation
of a measure of randomness of the function of the
means with less effort than the conventional batching
method;

[0233] (d) these embodiments calculate an updated
measure of randomness of the function of the means
with minimal effort if new data becomes available;

[0234] (e) these embodiments allow the calculation
of a measure of randomness of the function of the
means with a minimal need for storage and compu-
tational power;

[0235] (f) the ease of implementing the preferred
embodiments mentioned above into an automated
software program when compared with the previous
batching method, allowing for a simple and reliable
calculation of the validity of the results of a set of
data obtained from a software simulation, for
example;

[0236] (g) with respect to discrete event simulation, a
single simulation will suffice to calculate a confi-
dence interval, whereas the previous batching
method requires multiple simulations or a long simu-
lation split into multiple batches, thus saving simu-
lation time and allowing the comparison of more
simulations within a given time;

[0237] (h) with respect to discrete event simulation, a
confidence interval can be calculated even if there
exists only a small number of individual data values,
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for example, in the case of rare events, the validity of
the results of computational analysis can be deter-
mined for a shorter simulation; and

[0238] (i) with respect to discrete event simulation,
due to the small computation and storage require-
ments mentioned above, it is possible to calculate a
confidence interval which updates as the simulation
progresses, i.€., it is possible to monitor the reduction
of the confidence interval width as the simulation
progresses, where the information can be used for
example to determine when a certain required accu-
racy is reached and the simulation can be stopped.

[0239] 1t is to be added that the aforementioned embodi-
ments of the present invention may be practiced in such form
to calculate the confidence interval, and to use the calculated
confidence interval for automatically updating the confi-
dence interval during the progress of the simulation. In the
form, it is possible to calculate the mean, the standard
deviation, and the correlation on the basis of sums of
individual data values. Subsequently, if additional individual
data becomes available, those sums have to be merely
updated to create a new value of the confidence interval.
Therefore, it is possible to calculate the confidence intervals
as the simulation progresses, with little or no effort.

[0240] The above form of the preferred embodiments also
allows an automated simulation termination according to a
required confidence level. During the creation of the simu-
lation model, the desired confidence interval half widths of
one or more simulation parameters are specified. During the
simulation, the confidence interval half widths of these
simulation parameters are continuously updated. If the
actual or updated confidence interval half widths are equal
to or less than the desired confidence interval half widths for
all the simulation parameters, the simulation is terminated.

[0241] The above form of the preferred embodiments
would solve a big problem of current simulation method-
ologies, where the exact time length of a simulation is
difficult to determine. This form would allow an automatic
termination of the simulation upon reaching a predefined
accuracy criterion on results of the simulation.

[0242] 1t is to be also added that, in general, to calculate
a confidence interval using the conventional batching
method requires at least 5, generally 10 to 30 simulations.
The preferred embodiments mentioned above allow the
calculation of a confidence interval for a function of at least
one mean, using only one simulation.

[0243] 1t is to be further added that, the preferred embodi-
ments mentioned above allow the calculation of confidence
intervals for a small set of individual data values, for
example, a set of only 10 individual data values. The
conventional batching method cannot calculate a remotely
valid confidence interval for such a small set of individual
data values.

[0244] 1t is to be still further added that, the preferred
embodiments mentioned above allow the calculation of a
confidence interval with almost the same range with the case
where the conventional batching method calculates the
confidence interval on the basis of a large set of individual
data values during multiple simulations, although the pre-
ferred embodiments calculate the confidence interval on the
basis of a small set of individual data values during one
simulation.
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[0245] There may exist the case where information regard-
ing a distribution of random variables is not available as a set
of data, but rather available as a probability density function.
In this case, the preferred embodiment of the present inven-
tion described above would have to be modified to deter-
mine the mean and deviation based on the probability
density function.

[0246] [Fourth Embodiment]

[0247] There will next be described a method of estimat-
ing a measure of randomness of at least one random variable
to satisty a predetermined condition regarding a measure of
randomness of a function of a representative value of the at
least one random variable, constructed according to a fourth
embodiment of this invention. However, since the fourth
embodiment is similar to the previous three embodiments in
a hardware construction for the estimation of the measure of
randomness except a software construction for the estima-
tion of the measure of randomness, especially a random-
variable-randomness estimation program to be executed by
a computer corresponding to the computer 20 in the first
embodiment, only this program will be described in detail.

[0248] 1t is possible to mutually associate a measure of
randomness of at least one random variable, and a measure
of randomness of a function of a representative value of the
at least one random variable. This means that, the use of a
gradient of the function would permit not only a forward
estimation to estimate a measure of randomness of the
function of the representative value of the at least one
random wvariable, from a measure of randomness of the at
least one random variable, but also a backward estimation to
estimate a measure of randomness of the at least one random
variable, from a measure of randomness of the function of
the representative value of the at least one random variable.

[0249] In addition, it may be of use not to calculate a
measure of randomness of a function of a mean based on
random variables, but to reverse the equations described
above and to obtain desired statistical properties of random
variables which would be needed to obtain a certain measure
of randomness of the function.

[0250] While the previous three embodiments of the
present invention perform the forward estimation mentioned
above, the presented fourth embodiment performs the back-
ward estimation also mentioned above.

[0251] In the fourth embodiment, the predetermined con-
dition with respect to the randomness of the performance
function has been formulated to define a central location and
a measure of dispersion, of a distribution of the performance
function.

[0252] Referring next to FIG. 14, there is schematically
illustrated the aforementioned random-variable-randomness
estimation program in the present embodiment.

[0253] This program is initiated with step S71 in which
data for the predetermined condition is read from the storage
14. The data has been stored therein.

[0254] Instep S72, a gradient of the performance function
with respect to the defined central location is determined by
using the equation shown as for example equation (2), (3) or
(4) in FIG. 4.

[0255] In step S73, a confidence interval as a measure of
randomness of the at least one random variable is deter-
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mined on the basis of the determined gradient and the
defined measure of dispersion. The determination is to
transform the defined measure of dispersion into the confi-
dence interval of the at least one random variable, such that
the confidence interval responds to the defined measure of
dispersion more sensitively in the case of the gradient being
steep than in the case of the gradient being gentle.

[0256] Then, one cycle of execution of this program is
terminated.

[0257] It will be understood from the above explanation
that step S72 provides an example of the step of determining
a gradient set forth in the above mode (21), and step S73
provides an example of the step of determining the measure
of randomness set forth in the same mode.

[0258] It will be appreciated by those skilled in the art that
changes could be made to the embodiments described above
without departing from the broad inventive concept thereof.
It is understood, therefore, that this invention is not limited
to the particular embodiments disclosed, but it is intended to
cover modifications within the spirit and scope of the present
invention as defined by the appended claims.

What is claimed is:

1. A method of estimating a measure of randomness of a
function of at least one representative value of at least one
random variable, comprising:

a step of obtaining the at least one random variable;

a step of determining the at least one representative value
of the obtained at least one random variable;

a step of determining a statistic of the obtained at least one
random variable;

a step of determining a gradient of the function with
respect to the determined at least one representative
value; and

a step of transforming the obtained statistic of the at least
one random variable into a statistic of the function,
using the determined gradient.

2. The method according to claim 1, wherein the step of
transforming comprises transforming the statistic of the at
least one random variable into the statistic of the function,
such that the statistic of the function responds to the statistic
of the at least one random variable more sensitively in the
case of the gradient being steep than in the case of the
gradient being gentle.

3. The method according to claim 1, wherein each one of
the representative value of the each random variable com-
prises at least one of an average, an arithmetic mean, a
geometric mean, a median, a harmonic mean, and a mode,
of each one of the at least one random variable.

4. The method according to claim 1, wherein the step of
determining the representative value comprises determining
the at least one representative value of the at least one
random variable upon truncating at least one part of indi-
vidual data values belonging to the at least one random
variable.

5. The method according to claim 1, wherein the statistic
of each one of the at least one random variable comprises at
least one of a standard deviation, a confidence interval, a set
of data, a probability density function, and a cumulative
density function, of the each random variable.
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6. The method according to claim 1, wherein the statistic
of the function comprises at least one of a standard devia-
tion, a confidence interval, a set of data, a probability density
function, and a cumulative density function, of the function.

7. The method according to claim 1, further comprising a
step of estimating the measure of randomness of the function
of the at least one representative value, on the basis of the
statistic of the function.

8. The method according to claim 7, wherein the measure
of randomness comprises a range of a confidence interval of
the function of the at least one representative value.

9. The method according to claim 7, applied to a simu-
lation for discrete event, results of which simulation is used
to effect the method, wherein the step of estimating com-
prises estimating the measure of randomness using results of
only one execution of the simulation.

10. The method according to claim 9, wherein an accuracy
to be satisfied with the statistic of the function is predeter-
mined, and the step of determining a statistic comprises:

(a) determining the statistic of the at least one random
variable, on the basis of a sum of individual data values
belonging to the at least one random variable;

(b) determining the statistic of the at least one random
variable on the basis of the sum, upon adding to the sum
at least one new individual data value belonging to the
at least one random variable;

(c) determining the statistic of the at least one random
variable when at least one new individual data belong-
ing to the at least one random variable becomes avail-
able during the simulation;

(d) transforming the determined statistic of the at least one
random variable into the statistic of the function; and

(e) terminating the simulation when the predetermined

accuracy is satisfied with the statistic of the function.

11. The method according to claim 1, wherein the function

is a function of a plurality of random variables, the step of
transforming comprising:

(a) determining a measure of randomness of each one of
the plurality of random variables at or in the vicinity of
a representative value of each one of the obtained
plurality of random variables, as the statistic of each
random variable;

(b) determining a measure of dependence between the
plurality of random variables; and

(c) transforming the determined measures of randomness
of the plurality of random variables into a measure of
randomness of the function, using the determined mea-
sure of dependence and the determined gradient.

12. The method according to claim 11, wherein the
measure of randomness of the each random variables com-
prises at least one of a maximum likelihood estimator of a
variance of the each random variable, an unbiased estimator
of the variance, a maximum likelihood estimator of a
standard deviation of the each random variables, an unbi-
ased estimator of the standard deviation, a variance of a
representative values of the each random variable, a standard
deviation of a representative value of the each random
variable, a coefficient of variation of the each random
variable, a general central moment of the each random
variable, a confidence interval of the each random variable,
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a set of data indicative of the each random wvariable, a
probability density function of the each random variable,
and a cumulative density function of the each random
variable.

13. The method according to claim 11, wherein the
measure of dependence comprises at least one of an unbi-
ased estimator of a covariance of the plurality of random
variables, a maximum likelihood estimator of the covari-
ance, and a correlation coefficient of the plurality of random
variables.

14. The method according to claim 1, wherein the func-
tion is a function of a plurality of random variables, the step
of transforming comprises transforming the obtained statis-
tic of the plurality of random variables into the statistic of
the function, without a calculation of a measure of depen-
dence between the plurality of random variables.

15. A method of determining a set of data of a function of
a representative value of each one of at least one random
variable, which set of data allows an evaluation of a statistic
of the function, comprising:

a step of obtaining a set of individual data values belong-
ing to each random variable, which set represents an
approximation of a distribution of the each random
variable;

a step of determining the representative value of the each
random variable;

a step of determining a gradient of the function with
respect to the determined representative value; and

a step of transforming the obtained set of individual data

values into the set of data representing the function.

16. The method according to claim 15, wherein the step
of transforming the set of individual data values of the each
random variable into the set of data representing the func-
tion, such that the set of data representing the function
responds to the set of individual data values more sensitively
in the case of the gradient being steep than in the case of the
gradient being gentle.

17. The method according to claim 15, further comprising
a step of estimating a measure of randomness of the function
of the representative value, on the basis of the set of data
representing the function.

18. The method according to claim 17, wherein the
measure of randomness comprises a range of a confidence
interval of the function of the representative value.

19. The method according to claim 17, applied to a
simulation for discrete event, results of which simulation is
used to effect the method, wherein the step of estimating
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comprises estimating the measure of randomness using
results of only one execution of the simulation.

20. The method according to claim 1, applied to an
analysis of a plurality of business models to be accepted in
realizing a given business, wherein a function of at least one
of random variable is predetermined for each one of the
plurality of business models, and the function of a repre-
sentative value of the each random variable for one of the
plurality of business models is to be compared with the
function of a representative value of the each random
variable for another of the plurality of business models.

21. A method of estimating a measure of randomness of
at least one random variable to satisfy a predetermined
condition regarding a measure of randomness of a function
of at least one representative value of the at least one random
variable, the predetermined condition being formulated to
define a central location and a measure of dispersion, of a
distribution of the function, comprising:

a step of determining a gradient of the function with
respect to the defined central location; and

a step of determining the measure of randomness of the at
least one random variable, on the basis of the deter-
mined gradient and the defined measure of dispersion.

22. The method according to claim 21, wherein the step
of determining the measure comprises transforming the
defined measure of dispersion into the measure of random-
ness of the at least one random variable, such that the
measure of randomness of the at least one random variable
responds to the defined measure of dispersion more sensi-
tively in the case of the gradient being steep than in the case
of the gradient being gentle.

23. The method according to claim 21, wherein the
measure of dispersion comprises at least one of a standard
deviation, a confidence interval, a set of data, a probability
density function, and a cumulative density function, of the
function.

24. The method according to claim 21, wherein the
measure of randomness of each one of the at least one
random variable comprises at least one of a standard devia-
tion, a confidence interval, a set of data, a probability density
function, and a cumulative density function, of the each
random wvariable.

25. A computer program to be executed by a computer to
effect the method according to claim 1.

26. A computer-readable storage medium having stored
therein the computer program according to claim 25.
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