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Continuous Probability Distributions generated
by the PIPE Algorithm

LUIS G.B. PINHO, JUVENCIO S. NOBRE & GAUSS M. CORDEIRO

Abstract: We investigate the use of the Probabilistic Incremental Programming Evolution
(PIPE) algorithm as a tool to construct continuous cumulative distribution functions to
model given data sets. The PIPE algorithm can generate several candidate functions
to fit the empirical distribution of data. These candidates are generated by following
a set of probability rules. The set of rules is then evolved over a number of iterations
to generate better candidates regarding some optimality criteria. This approach rivals
that of generated distribution, obtained by adding parameters to existing probability
distributions. There are two main advantages for this method. The firstis that it is possible
to explicitly control the complexity of the candidate functions, by specifying which
mathematical functions and operators can be used and how lengthy the mathematical
expression of the candidate can be. The second advantage is that this approach deals
with model selection and estimation at the same time. The overall performance in both
simulated and real data was very satisfying. For the real data applications, the PIPE
algorithm obtained better likelihoods for the data when compared to existing models,
but with remarkably simpler mathematical expressions.

Key words: PIPE, continuous probability distributions, function regression, generated
distributions.

1- INTRODUCTION

In this paper we describe an approach to probability modeling based on evolutionary algorithms.
Consider a data set of observations of an absolutely continuous random variable representing a
given experiment. Suppose that there is not enough understanding of the problem to allow for the
construction of a specific cumulative distribution function (cdf) or to suggest the use of an existing
one. Given such a data set we attempt to find the “best possible” continuous probability distribution
to model the data regarding some fitness or optimality criteria. This is achieved by exploring a search
space of candidate functions in a way described in the next sections. We shall first briefly review the
most popular techniques in the field of generated distributions presently.

A major effort has been devoted to the creation of new probability models over the last few
decades. These models have been obtained by composing two already existing models and creating
a new one that inherits parameters from both models. This has been motivated by need and curiosity
and has given interesting results as the new models have a very wide range of successful applications.
A recent paper (Tahir & Nadarajah 2014) reviews several of these new ways of obtaining new models.
Each technique defines a usually very large class of probability distributions. For each class they list
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several papers on particular families in that class. For a quick introduction to the subject the reader
can refer to Tahir & Nadarajah 2014.

Two increasingly popular classes are the beta-G class from Jones 2004 and gamma-G class from
Zografos & Balakrishnan 2009. The first adds two parameters to a given cdf G(x). Usually, G(x) is
referred to as baseline distribution in this context. The resulting distribution can be defined by its cdf
as

.

G(x)
_ a—1(1 __ +\b—1
Fx) = B<0’b)/o 11— 1)b-dt, a> 0, b> 0,

which is the beta cdf calculated at the point G(x). The second generator, gamma-G, adds one parameter
to the baseline distribution in a similar way:

» 1 [lst-e) y
Fx_/ ta-le~tdt, a > 0,
ra J

which uses the gamma cdf, instead of the beta cdf, at — log(1 — G(x)).

See, for example, Aly & Benkherouf 2011 or Alzaatreh et al. 2013 for several general results on the
composition of existing probability models which may be used to generated several others class of
distribution families. Some papers showcase applications of the new probability distribution families.
Some examples of applications can be seen in, for instance, Nadarajah & Gupta 2004, Nadarajah &
Kotz 2004, 2006, Fischer & Vaughan 2010, Paranaiba et al. 2011.

This paper presents an alternative to these classes of distributions as well as to classical
non-parametric methods. It has two main motivations: 1) there is an increasing difficulty in choosing a
model for a given data set because of the raise in the number of new distributions; 2) most of the new
models use formulas that are written with elementary functions such as logarithms and exponentials
and arithmetic operators. Given a data set and an optimality criterion, our goal is to obtain a cdf
suitable for the data using only these elementary functions and arithmetic operators for at most a
certain number of times. This may lead to models with simpler mathematical expressions. Thus, we
consider model selection and model generation in a single approach. The main advantage of this
method over the other two commented above is that we are able to explicitly control the complexity
of the resulting cdf. In this text, we use complexity in its most basic meaning, not as in computational
complexity.

This paper is divided as follows. In Section 2 we describe the Probabilistic Incremental Program
Evolution (PIPE) algorithm developed in Salustowicz & Schmidhuber 1997, which is the base technique
employed in this paper. It is slightly modified for our purpose. Section 3 describes and exemplifies
the new proposal. Simulation studies are presented in Section 4 to illustrate the performance of
the method. In Section 5 we consider data sets from other papers on new distributions, comparing
the fitness of the distributions in those papers to the fitness of the distribution obtained by the
method proposed here. Issues and final remarks are addressed in Section 6. The source code for our
implementations of the method described here are available, as well as instructions and examples,
at https://github.com/lgbpinho/pipeForFunctionalRegression.
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Figure 1. Tree representation of the normal distribution pdf.

2 - THE PIPE ALGORITHM

The PIPE algorithm was presented in Salustowicz & Schmidhuber 1997 and is capable of producing
programs according to a set of probability rules. These rules are improved over iterations so that the
generated programs are more likely to solve a given problem. In this section we follow closely the
explanation in the original paper.

A program is a set of instructions given in a certain order. Each of these instructions may depend
on a (possibly empty) set of terminal symbols, which usually denote constants or user inputs. Let
F={f.f5.,fr} be asetof kfunctions and T = {t;,t,,...,t;} be a set of [ terminals. For instance,
to write a program that calculates the value of the probability density function (pdf) for the normal
or exponential distributions at a point x and a given set of parameters, it is sufficient to take F =
{—, %, =, exp, \/} and T = {x,7,2,1,—1,R,R"}, where = the protected division (does not allow division
by zero), x represents an user input, R represents a real constant and R* represents a positive real
constant. The normal distribution pdf can be described as

(1+ (V2um s RT) xexp((—1+ (2% RT x R*)) % (X = R) % (X = R)) ,

for example.

Each program can be represented by an n-ary tree, where n is the maximum possible of arguments
for a function in F. For the normal distribution example we may use the tree in Figure 1. The tree
representing a program is not unique unless we specify a set of rules for parsing a program to a tree,
however this is negligible for our purpose.

Programs can be created randomly by traversing a structure called Probabilistic Prototype Tree
(PPT). The PPT is a n-ary tree with n, again, representing the maximum arity of an instruction in F. The
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node at depth d > 0 and horizontal position w > 0 (width) is represented by Ng.w- Each node contains
a probability vector P, whose entries are P, (/) for each | € FU T such that

That is, each node has the probability distribution of the possible instructions in the programs at
the respective node of their tree representation. The PPT is traversed in a depth first fashion from
left to right, starting at N, ,. For each accessed node, an instruction [ is selected with probability
Pgw(l) and denoted I, ,,. If I3, € F, then a subtree is created for each argument of Iy ,. If I, € T
then it is replaced by an instance Vg ,(l4,,) of that terminal. This instance equals Iy, if Py, (l4,) is
greater than a certain threshold T, and equals a randomly generated number R, ,, otherwise. For each
terminal instruction | € T there corresponds a threshold T, and these are not changed throughout the
iterations. The authors in Salustowicz & Schmidhuber 1997 also consider the growing and pruning of
the PPT to reduce the memory requirements of the algorithm. Initially there is only the node N . If
lgw € Fis chosen and the subtree for its arguments are missing in the PPT, then additional nodes are
created (growing). Conversely, if the probability of accessing a certain node in the PPT is too small, the
node is deleted from the PPT (pruning).

PIPE has two learning mechanics: elitist learning and generation-based learning. These two
mechanics alternate until a stopping criterion is met. Generation-based learning comprises five
distinct phases.

1. Creation of a program population. A population of programs is created according to the rules
mentioned earlier. These programs are enumerated as PROG;, 0 < j < PS, with PS denoting the
population size. Probabilities in each node are initialized in a random way but maintaining their
sum equal to 1.

2. Population evaluation. Each PROG; in the population is evaluated regarding a certain fitness
function. This is a numeric value assigned by a function FIT(PROGj). The programs are ranked in
ascending order of those values. The best program in the current population is denoted PROG,,
while the best program found so far is denoted PROG®!.

3. Learning from the population. The probabilities in each node of the PPT are modified as to
increase the likelihood of PROG, being generated. The following steps can be stored as the
content of an adaptPPTtowards(PROG,) routine at the time of the implementation by the
reader. First the probability P(PROG,) is obtained as [Py, (/4 ,) for each instruction Iy, used
in the production of the candidate PROG,. A target probability is calculated as

£+ FIT(PROG®)

P = P(PROG [r[1 — P(PROG
TARGET ( p) +Ur[ ( b)] X =+ FIT(PROG,)’

in which the constant Ir denotes the learning rate of the algorithm, and ¢ is a user-defined
positive real constant. The fraction in the right hand side of the equation implements the
fitness-dependent-learning (fdl). If ¢ is chosen such that ¢ « F/T(PROGe') then generations
with lower quality (higher fitness values) programs do not influence much the learning process,
allowing for the use of smaller populations. Once Prgeer 1S Obtained, all the probabilities
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Pa.w(lgy) for the instructions used in PROG, are increased iteractively as seen in algorithm 1,
where ¢ denotes a constant that influences the number of iterations and the precision. The
choice of this constant is subjective. Lower values will imply more iterations and more precision
while higher values will do the opposite. Then, each terminal used in the construction of PROB,
is stored in the respective node of the PPT, that is, Iy, = Vg ,(l4,,) for each terminal instruction
lgw used in PROG;,

Mutation of the PPT. In this step, the nodes accessed during the production of PROG, are
mutated with a probability Py, given by

p
P, = M ,
" (1 + R)\/]PROG,|

where P,, is a user defined parameter controlling the overall probability of mutation. The previous
formula is empirically justified in Salustowicz & Schmidhuber 1997. If a node is to be mutated,
the probability Py ,(l4,,) is changed to Py, (Ig ) +mr - (1— Py, (l5y)), in which mr represents
a mutation rate. Notice that this change is small if Py ,(I4 ) is already large. After the mutation
step every modified node is normalized to keep the sum of probabilities equal to 1.

PPT pruning. If P, ,(I4,,) becomes too small for a certain node Ny, and instruction I, € F then
the subtrees corresponding to the possible arguments of I, , are deleted from the PPT.

After the generation-based learning, elitist learning takes place by repeating the previous procedure
using PROG®! instead of PROG,. However, during the elitist learning mutation is not performed. The
PPT is then pruned accordingly.

3 - THE NEW PROPOSAL

Given a data set, we propose the use of the PIPE method, with minor modifications, to generate a
continuous function that resembles the empirical cumulative distribution of the data. We argue that,
for a suitable choice of the sets Fand T, it is possible to achieve a good fit of the data while controlling
the complexity of the model by limiting the maximum height of the PPT. The minor modifications
considered are:

1) During the generation of a program, if a node Ny, is to receive an instruction Iy , € representing

an user input variable (a data point), we set the respective threshold to 1.

2) The maximum size of the program, measured by the height of the tree representing it, is

controlled. Programs are not allowed to grow indeterminately. To achieve this, we modify the

Algorithm 1: Updating the PPT.

1 repeat

2

3

forall /, , in PROG, do
t Pd,w(’d,w) = Pd,w(ld,w) + Clr - (1 - Pd,w(’d,w));

& until P(PROG,)>Pyipcer:
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nodes at the maximum depth of the PPT by forcing P, , (/) = 0 for every I€F and normalizing the
distribution Py, again.

3) No pruning or growing is performed, since memory consumption for small PPTs is not of concern
in this context.

4) At each generation we randomly choose to adapt the PPT towards PROG,, or towards PROG,.
Mutation occurs regardless of the choice.

These modifications simplified the code while yielding good results in our investigations. Also, they
help to incorporate some aspects of the problem at hand. In this paper we choose the functions and
terminal sets to be F = {x,+,+,pow(:,-),exp(—-),log(-)} and I = {x,R}, where = represents the
protected division, a® is represented by pow(a, b), exp(—x) is the usual e, log(x) is the protected
logarithm (does not accept negative arguments), x represents an user input and R represents a random
number between 0 and a specified maximum value. This is the set of functions and terminals we use
throughout the paper unless stated otherwise. The fitness function if given by:
1< -
FIT(PROG) = —— ;(PROG(X,-) —F,(x))2,

where x; is ith observation of the data set, n is size of the data set, and ﬁn is the empirical distribution
function. Our implementation will run for a number of generations and then stop. The overall
sequence of an implementation for the PIPE algorithm is as follows.

m Set the following parameters: the elements in FUT, size of the program population, number of
generations, maximum size of the programs, learning rate, ¢, mutation rate, maximum value of a
generated random number and the probability of adapting the PPT towards the elite program.

m Initialize the PPT and assign probabilities to the vectors in every node. Let the PPT be as high as
the maximum size of a program. Remember to set the probability of non-terminal symbols to
zero for the leaf nodes.

m Read the data and obtain the empirical distribution function.

m For every generation:

Generate a random population of functions from the PPT.

Evaluate the fitness of every function.

Found the best program in the current generation and obtain PROB(PROG,). Replace PROG®!
if needed.

Adapt the PPT towards PROG, or PROG,! randomly.

Mutate the PPT, if it was adapted towards PROG,,.

Normalize Py, for every node of the PPT.
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4 - SIMULATION STUDIES

In this section we investigate how well the models proposed by the PIPE algorithm fit the data when
compared to the true distribution of the data. For several distributions with cdf F and several sample
sizes n, we generate an artificial data set of size n from F and use the proposed method to generate
a cdf for the data. We compare the proposed distribution to the distribution F by means of the
logarithm of the likelihood function based on the data (log-likelihood). The Anderson-Darling and
Kolmogorov-Smirnov tests (see Stephens 1974) are also performed to verify the adequacy of the model
to the data. The simulation can be described as follows.

m Generate a data set S from F.
m Estimate the parameters of F using the data and the maximum likelihood method.
m Run the proposed method and obtain a cdf G.

m Perform both the Anderson-Darling and Kolmogorov-Smirnov tests, under a significance level of
0.10.

m Calculate the log-likelihood of G based on the data and compare to that of F.

Results of the simulation are presented in Table I. The Kolmogorov-Smirnov (KS) test considers
the overall fit of the distribution, whereas the Anderson-Darling (AD) test is built to emphasize the
fit in the tails of the distribution (see Stephens 1974). The columns of Table | represent, respectively,
the sample size, the distribution from which the data was simulated, the logarithm of the maximized
likelihood for the model in the previous column with its parameters being estimated by the maximum
likelihood method, the logarithm of the likelihood of the PIPE model and the p-values for the KS and
AD tests. Criteria such as the Akaike information criterion (AIC) and Bayesian information criterion (BIC)
are not used since we do not have a solid understanding of how would the comparison apply to the
PIPE generated distributions. For all of the simulation runs, the parameters of the PIPE algorithm were
set as follows: 100 candidates per generation, 3000 generations, T, = 0.2 for all terminal numbers,
100 as the maximum random number generated, height of the PPT set to 3, learning rate of 0.0071,
c" = 0.01, e = 0.01, P,, = 0.1, mutation rate of 01 and the probability of adapting the PPT towards
the elite program was set to 0.5. The column LL represents the logarithm of the maximized likelihood
function.

We chose the normal distribution because it is widely used in practical situations, the exponential
and gamma distributions for being popular lifetime distributions, the Cauchy distribution for its heavy
tails, a skew-t distribution from Fernandez & Steel 1998 for the heavy tails and skewness, the Pareto
distribution for its shift, the beta distribution for being confined in the (0, 1) interval and a mixture of
two normal distributions for bimodal data. Certainly it was not expected that the PIPE distributions
would outperform the distributions that originated the data, even though it happened for a few runs.
During this simulation we noticed that the data generated from the normal, exponential, gamma,
normal mixture, skew-t and Pareto distributions were easily modeled by the proposed distributions
from the PIPE algorithm. One run of the algorithm was most of the times enough to obtain a
distribution that would achieve a log-likelihood close to or better than the original model. We ran the
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Table I. Results support the PIPE method distribution.

l p-value
n Distribution Fitted PIPE KS AD
Normal(o;1) —9.41 —M.34 | 05360 | 0.6047
Cauchy(o;) —22.60 —21.77 | 0.8633 @ 0.6579
Exponential(1) = —15.62 —14.55 | 0.8282  0.6536
" Gamma(3,1) —19.94 | —18.68 | 0.6581 @ 09247
Beta(3,5) 6.20 5.30 09448 | 0.8216
Pareto (1,3) —9.99 —9.28 | 08101 | 0.8564
MN(0,511,0.25) | —12.14 —12.80 | 07953 | 0.9348
Skew-1(2,2) —23.90 = —22.94 | 09585 | 0.9699
Normal(o;1) —49.13 —49.16 | 0.8098 @ 0.6490
Cauchy(o,1) —7736 | —93.89 @ 02368 @ 0.0111
Exponential(1) = —15.61 —32.99 | 01538 @ 0.2048
» Gamma(3,1) —59.53 | —61.58 | 06300 @ 0.6858
Beta(3,5) 18.96 17.09 0.8287 = 07421
Pareto(1,3) —81.87 | —83.96 @ 0.8036 @ 0.8051
MN(0,511,025) | —36.13 | —40.15 @ 0.6238 | 0.6667
Skew-t(2,2) —91.50 —79.11 0.4857 = 0.2997
Normal(o;1) —70.32 —70.35 | 0.4798 @ 0.2208
Cauchy(o,1) —114.37 | —133.22 = 07690 | 0.5053
Exponential(1) = —56.80 = —60.99 | 07635 | 0.6453
> Gamma(3,1) —92.53 | —94.34 | 07588 | 07505
Beta(3,5) 2416 2433 | 0.8891 09453
Pareto(1,3) —152.28 = —152.32 | 09630 | 0.9471

MN(0,511,0.25) | —59.16 | —65.44 | 07566 & 0.5720
Skew-t —104.19 = —97.11 0.3121 01469

algorithm at most five times with different seeds for the random number generation and presented
the best results in here. The Cauchy distribution proved to be the more challenging distribution. Better
levels of log-likelihood than those shown in Table | for the Cauchy distribution were achieved but at
the expense of failing the AD test at the 01 significance level. Solutions for this problem would possibly
include the addition or removal of elements in the F set or the possibility of applying different weights
to the data points in the tails of the data set when calculating the fitness values, if the user knows
beforehand that the data supplied is heavy tailed. We noticed no increasing nor decreasing of the
performance of the algorithm regarding the sample size.
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5 - REAL DATA APPLICATION AND COMPARISONS

In this section we apply the PIPE method to a pair of data sets that were modeled in already published
papers on probability distribution families. For each re-visited paper we compare the likelihood of the
distributions proposed in that paper to the one suggested by the PIPE method. To verify the adequacy
of the model proposed by the PIPE method to the data we resort to the KS and AD tests, the visual
inspection of the theoretical quantiles plotted against the empirical quantiles and the plot of the
probability density function overlapping the data histogram. To the quantile plot we add a simulated
95% envelope for the empirical quantiles obtained by bootstrapping the original sample. This is done
by generating a high number B of pseudo-samples by sampling, with replacement, the original data
set. Order each pseudo-sample to obtain its empirical quantiles. There will be, after the simulation,
B samples of each quantile. For each quantile g find the quantiles 2.5% and 97.5% of its respective
sample and use them to plot the envelope.

The results suggest that good fitness levels for real data can be attained by the distributions
proposed by the PIPE method, in agreement to what was suggested by the simulations. These
distributions presented simpler mathematical expressions for the cdf and pdf when compared to
the distributions in the previous paper on those data sets. Whenever estimation was necessary, it
was done by the fitdistr() routine from the MASS package in R. For some models, however, we
reported the estimates of the parameters and the respective logarithm of the likelihood from the
original papers.

The parameters for the PIPE algorithm in this section are the same used in the simulation section.

Wheaton river data set

The following data consist of 72 observations of the exceedances of flood peaks, measured in m?/s, of
the Wheaton River located near Carcross in the Yukon Territory, Canada. These data were analyzed by
several authors, amongst which we cite a few. In Akinsete et al. 2008 the four parameter beta-Pareto
(BP) distribution was used to model the data. Its density is given by

—rY o1 —RkB—1
o0t )

withx > 6and «, 8,6, kR > 0. A better fit, regarding the most common criteria such as Akaike information
criterion (AIC), was found by Alshawarbeh et al. 2012 using the beta-Cauchy (BC) distribution. The pdf
for the beta-Cauchy distribution is given by

s 2+ Lo (50 Lo (50}

where —oo < X < 00, 0 < a,8,\ < oco and —oo < 0 < oo. Finally, Cordeiro et al. 2013 used the
exponentiated generalized Gumbel (EGGU) distribution to achieve an even better fit for the data. The
pdf for the EGGU distribution is

f(x) =afo {1 - [1 —exp {—exp (X;u)}]a}ﬁ—1
X [1 —exp {exp (j%;u) H e {— exp (_X%‘“)} exp (_x?%> |
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with —co < X < 00,0 < a, 8,0 < 0o and —oo < pu < oo.
These data were also analyzed in Bourguignon et al. 2013, but they used the Kumaraswamy-Pareto
(KWP) distribution with pdf

a—1 ay b1
abkp" B\ B\
F00 =" [“(Q = (5) |
forx > Band 0 < a, b,k,B < co. The histogram for this data set is very skewed to the right as seen

in Figure 2.
We obtained, using the PIPE method, for this data set the following cdf:

1.17258x
Flx) = 728X
) = eeor 0 =X <X

with F(x;) =1, x, = 67.7894. The corresponding pdf is given by

17.7181

F09 = G oo

0 <X <Xy

For this example we removed exp(—-) from F, to search for simpler alternatives. Table Il shows the
information of the fitting of the models in the previous papers. We used the estimates and information
available from the original papers. The information on the likelihood of the BP model was not available
in Akinsete et al. 2008 and was omitted here as well.

Table Il. Estimation for the Wheaton river data set.

1) 1) LL

BP o, B,k,0) | (7.69,85.75,0.02,0.10) -

( )

KWP  (a,b,k,B) (2.86,85.85,0.050.10) = —271.20

BC (a,B,\,0)  (387.65,1.46,2.05,0.08) = —260.48
( )

EGGU | (a,b,pu,0) = (0.11,0.48,2.63,1.63) = —256.90

PIPE — — —235.83

Figure 2 shows the pdfs of the EGGU and the PIPE model overlapping the data’s histogram and
the quantile plot with 95% bootstrap simulated envelope for the PIPE model. The histogram suggests
that the proposed distribution is suitable for the data. The quantile plot shows a good agreement
between the model and the data. The largest observation in this data set is 64.0, which is much larger
than the second largest one, 39.0, considering the sample standard-deviation of 12.41m3/s. The PIPE
model seems to capture the behavior of this possibly extreme value very well. The KS test returned a
p-value equal to 0.3197 and AS test returned 0.3341 suggesting that there is no evidence of a bad fit.
As in the previous example, the PIPE distribution achieved the highest likelihood. We emphasize that
the distribution obtained from the PIPE method has a much simpler analytic expression for its cdf
and cdf than the other candidates.
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Quantile plot with simulated envelope (95%)

Histogram and fitted densities for the Wheaton river data set
for the Wheaton River data set

PIPE  ———
EGGU ~------
60

0.06 -

40

1
1
1
0044 !
1
U

Density
Sample quantiles

20 H

0.02 -

0
Flood exceedances Theoretical quantiles

Figure 2. Histogram and quantile plot for the Wheaton river data set.

Ball bearing data set

The next data set is used in many papers on lifetime distributions. It consists of 23 observations of the
fatigue failure times, measured in millions of revolutions, of ball bearings. In Nassar & Nada 2012 the
authors proposed to use the beta-exponential-geometric (BEG) distribution, which they presented,
and it fitted the data nicely. Its pdfis given by

F) = —. ( 1—e ™ ) B(1—p)Pe
B(a,b) \1— pe=5* (1— pe-Ax)b+1’

forx > 0,p € (0,1), a, b, 8 > 0. This is the result of the composition of the beta distribution and
the exponential geometric distribution (see Adamidis & Loukas 1998). The gamma and exponentiated
Weibull (EW) distribution from Mudholkar & Srivastava 1993, with cdf F(x) = {1—exp[—(x/\)]}*, A > 0,
a > 0,x > 0, distributions are also considered here. The EW distribution is a good benchmark since it
is known to be able to fit a very wide variety of data. The data are:

17.23, 28.92, 33.00, 41.52, 4212, 45.60, 48.80, 51.84, 51.96, 5412, 55.56, 67.80, 68.64, 68.64, 68.88, 84.12,
9312, 98.64, 105.12, 105.84, 127.92, 128.04, 173.4.

Table Il shows the fitted distributions and the logarithm of the maximized distribution.

The PIPE method proposed the function

—x/26.272

F(x) = 0.000847396° " —00 < X < 00

as cdf. The Kolmogorov-Smirnov test for the PIPE distribution returned a p-value of 0.8974, while
for the Anderson-Darling test the value was 0.8007. Figure 3 suggests the PIPE distribution is
adequate for the data and this agrees with the previous tests. The logarithm of the likelihood for
this model was —113.5005, which is slightly lower than the one from the BEG distribution. However,
it is computationally much simpler to obtain values for P(X < x) under the PIPE model than under
the BEG model — even a handheld calculator suffices. There is the inconvenience of P(X < 0) # 0,
however it is a small value for this particular application.
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Table Il Estimation for the ball bearings data set.

¢ 1] LL

BEG (p,a,b,3) = (0.35,5.38,2.58,0.01) = —113.06

EW (a, Ry A) (4.49,1.06,34.83) —113.06

Weibull (R, A) (2.10, 81.88) —113.73

Gamma (o, B) (3.99,0.06) —113.10

PIPE — — —113.50

Histogram and fitted densities for the ball bearings data set Quantile plot with simulated envelope (95%)

for the ball bearings data set
PIPE
BEG ------
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0.010
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Figure 3. Histogram and quantile plot for the ball bearings data set.

6 - ADDRESSING ISSUES AND FINAL COMMENTS

In this paper we suggested the use of the PIPE method for generating possibly new continuous
probability distributions from a given data set. The method described here allows the development
of relatively simple distributions that performed better than several more complicated available
distributions in two data sets. Its use was also illustrated by several runs of simulations with artificial
data. The simulation studies suggest that the PIPE algorithm can properly handle data modeling from
a wide variety, including heavy tailed, bimodal and skewed data.

We recommend the use of this method if there is no evidence in the problem being studied that
may lead to the use of a specific distribution, existing or new. The main advantage over the use of
distributions in the so called G-classes (as the beta-G and gamma-G classes) is that it is possible
to control the complexity of the new distribution using the PIPE method. The cdf of the G-classes
distributions tend to have mathematically complicated formulae.

There are also situations where we do not recommend the use of this method. For instance,
if it is possible to develop an specific distribution from the underlying physical properties of the
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problem, we do not recommend using the PIPE method unless there is a clear advantage in doing so.
Another situation where we do not recommend its use is when the problem satisfies all the theoretical
criteria for the use of an existing distribution, such was the waiting times in Poisson processes or small
measurement errors that are easily handled by the normal distribution. Adequacy measures and the
likelihood criteria should never replace proper mathematical analysis of the problem.

Future efforts may be able to describe the mathematical properties of the search in the space
of the candidates distributions. A useful refinement that we were not able to provide is to obtain an
algorithm for generating a function that integrates up to a constant. If there was such an algorithm
we would be able to find distributions with support on the whole real line or in the (0, co) half of the
line in a much easier way. However, finding a distribution that has support on bounded intervals is
also reasonable.

We observed many other interesting events during the development of this paper, while working
on other examples. Changing the numbers in the cdfs found by the PIPE method for unknown
parameters and estimating them by maximum likelihood led to values very close to those proposed
by the algorithm for many data sets (real and simulated). In some data sets we changed the seed
for the random number generators or modified some of the initial conditions, such as the values
in Pg . These runs of the algorithm led to different solutions (cdfs) since it is a non-deterministic
algorithm. However, these solutions were usually very similar to each other. For the ball bearings
and the Wheaton river data sets there were two groups of very similar solutions that were suggested
by the PIPE method depending on the initial settings and the method did not find anything outside
those groups. Last, the output of the algorithm seems to depend heavily on the choice of F. Adding
or removing elements to F changes drastically the behavior of the algorithm in our experience. We
suggest starting from very few elements and adding more as needed. We also suggest keeping the
mutation probability high enough. It seems to play a major role in the final result.

Overall, our opinion is that the PIPE algorithm is an interesting and promising alternative in the
field of data modeling.
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