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Abstract

"distr" is a package for R from version 1.8.1 onwards that is distributed under
LGPL-3. Its own current version is 2.3.2. The aim of this package is to provide a
conceptual treatment of random variables (r.v.’s) by means of S4–classes. A mother
class Distribution is introduced with slots for a parameter and for functions r, d, p, and
q for simulation, respectively for evaluation of density / c.d.f. and quantile function
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of the corresponding distribution. All distributions of the "stats" package are im-
plemented as subclasses of either AbscontDistribution or DiscreteDistribution, which
themselves are again subclasses of UnivariateDistribution. By means of these classes,
we may automatically generate new objects of these classes for the laws of r.v.’s under
standard mathematical univariate transformations and under standard bivariate arith-
metical operations acting on independent r.v.’s. Package "distr" in this setting works
as basic package for further extensions. These start with package "distrEx", covering
statistical functionals like expectation, variance and the median evaluated at distribu-
tions, as well as distances between distributions and basic support for multivariate and
conditional distributions. Next, from version 2.0 on, comes package "distrMod" which
uses these concepts to provide an object orientated competitor to fitdistr from pack-
age "MASS" in covering estimation in statistical models. Further on there are packages
"distrSim" for the standardized treatment of simulations, also under contaminations
and package "distrTEst" with classes and methods for evaluations of statistical proce-
dures on such simulations. Finally, from version 2.0 on, there is package "distrTeach"
to embody illustrations for basic stats courses using our distribution classes.
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Parts of this document appeared in an earlier and much shorter form in R-News, 6(2) as“S4 Classes

for Distributions”, c.f. [8], which in its published form refers to package versions 1.6, resp. 0.4-2. This

present document takes into account the subsequent revisions and versions.

0 Motivation

R up to now contains powerful techniques for virtually any useful distribution using the
suggestive naming convention [prefix]<name> as functions where [prefix] stands for r,
d, p, or q and <name> is the name of the distribution.
There are limitations of this concept, however: You can only use distributions which are
implemented in some library already or for which you yourself have provided an implemen-
tation. In many natural settings you want to formulate algorithms once for all distributions,
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so you should be able to treat the actual distribution <name> as sort of a variable.
You may of course paste together prefix and the value of <name> as a string and then use
eval(parse( .... )). This is neither very elegant nor flexible, however.
Instead, we would rather like to implement the algorithm by passing an object of some
distribution class as argument to the function. Even better though, we would use a generic
function and let the S4-dispatching mechanism decide what to do at run-time. In particu-
lar, we would like to automatically generate the corresponding functions r, d, p, and q for
the law of expressions like X+3Y for objects X and Y of class Distribution, or, more general,
of a transformation of X, Y under a function f : R2 → R which is already realized as a
function in R.
This is possible with package "distr". As an example, try

> require ( d i s t r )
> N ← Norm(mean = 2 , sd = 1 . 3 )
> P ← Pois ( lambda = 1 . 2 )
> Z ← 2∗N + 3 + P
> Z

D i s t r i b u t i o n Object o f Class : AbscontDis t r ibut ion

> plot (Z)
> p(Z) (0 . 4 )

[ 1 ] 0 .002415387

> q(Z) (0 . 3 )

[ 1 ] 6 .705068

> Zs ← r (Z ) ( 5 0 )
> Zs

[ 1 ] 6 .867909 8 .736751 8 .175593 8 .151969 7 .602950 7 .540754 12 .631239
[ 8 ] 12 .301686 8 .595006 12 .739036 11 .706588 7 .022691 5 .324325 4 .970253

[ 1 5 ] 10 .800400 13 .074342 11 .716110 7 .288436 9 .893645 7 .123407 11 .480168
[ 2 2 ] 7 .951978 5 .386250 5 .574951 10 .763495 9 .245824 7 .461214 10 .296621
[ 2 9 ] 9 .774226 7 .499674 5 .583894 4 .733861 4 .957084 5 .719988 10 .295827
[ 3 6 ] 9 .924412 10 .708201 11 .102673 8 .719144 9 .491795 9 .469564 6 .204965
[ 4 3 ] 7 .951122 12 .276962 5 .389458 7 .992985 9 .928467 7 .994165 11 .476831
[ 5 0 ] 5 .472509
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Comment:

Let N an object of class "Norm" with parameters mean=2, sd=1.3 and let P an object of class

"Pois" with parameter lambda=1.2. Assigning to Z the expression 2∗N+3+P, a new distribution

object is generated —of class "AbscontDistribution" in our case— so that identifying N, P, Z with

random variables distributed according to N, P, Z, L(Z) = L(2 ∗N+ 3 +P), and writing p(Z)(0.4) we

get P (Z ≤ 0.4), q(Z)(0.3) the 30%-quantile of Z, and with r(Z)(50) we generate 50 pseudo random

numbers distributed according to Z, while the plot command generates the above figure.

1 Concept

In developing our packages, we had the following principles in mind: We wanted to be
open in our design so that our classes could easily be extended by any volunteer in the R
community to provide more complex classes of distributions as multivariate distributions,
times series distributions, conditional distributions. As an exercise, the reader is encour-
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aged to implement extrem value distributions from the package "evd"1. The largest effort
will in fact be the documentation. . .
We also wanted to preserve naming and notation from R-"stats" as far as possible so that
any programmer used to S could quickly use our package. Even more so, as the distribu-
tions already implemented to R are all well tested and programmed with skills we lack, we
use the existing r, d, p, and q-functions wherever possible, only wrapping them by small
code sniplets to our class hierarchy.
Third we wanted to use a suggestive notation for our automatically generated methods r,
d, p, and q, which we think is now largely achieved. All this should make intensive use
of object orientation in order to be able to use inheritance and method overloading. Let
us briefly explain why we decided to realize r, d, p, and q as part of our class definitions:
Doing so, we place ourselves somewhere between pure object orientation where methods
would be slots —in the language of the S4-concept, confer [2]— and the S4 paradigm where
methods “live their own life” apart from the classes, or, to q, which should be regarded use
[1]’s terminology, we use COOP2-style for r, d, p, and q methods, and FOOP3 -style for
”normal” methods.
The S4-paradigm with methods which are not attached to an object but rather behave
differently according to the classes of their arguments is fine if there are particular user-
written methods for only some few general distribution classes like AbscontDistribution, as
in the case for plot or "+" (c.f. [5], Section 2.2). During a typical R session with "distr",
however, there will be a lot of, mostly automatically generated objects of our distribution
classes, each with its own r, d, p, and q; this even applies to intermediate expressions like
2∗N, 2∗N+3 to eventually produce Z in the example in the motivation. Treating r, d, p,
and q as generic functions, we would need to generate new classes for each expression 2∗N,
2∗N+3, Z and, correspondingly, particular S4-methods for r, d, p, and q for each of these
new classes; apparently, this would produce overly many classes for an effective inheritance
structure.
In providing arithmetics for distributions, we have to deviate a little from the paradigm of
S as a functional language: For operators like “+”, additional parameters controlling the
precision of the results cannot be handily passed as arguments. For this purpose we pro-
vide global options which may be inspected and modified by distroptions , getdistrOption4 in
complete analogy to options, getOption. Finally our concept as to parameters: Contrary
to the standard R-functions like rnorm we only permit length 1 for parameters like mean,
because we see the objects as implementations of univariate random variables, for which
vector-valued parameters make no sense; rather one could gather several objects with pos-

1a solution to this “homework” may be found in the sources to "distrEx"
2class-object-orientated programming, as e.g. in C++
3function-object-orientated programming, as in the S4-concept
4Upto version 0.4-4, we used a different mechanism to inspect/modify global options of "distrEx"

(see section 5.2); corresponding functions distrExoptions, getdistrExOption for package "distrEx" are
available from version 1.9 on.
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sibly different parameters to a vector/list of distributions. Of course, the original functions
rnorm etc. remain unchanged and still allow for vector-valued parameters. Kouros Owzar
in an off-list mail raised the point, that in case of multiple parameters as in case of the
normal or the Γ-distribution, it might be useful to be able to pass these multiple parame-
ters in vectorized form to the generating function. We, too, think that this is a good idea,
but have shifted this question to the new extension package "distrMod" which covers more
general treatment of statistical models, see section 4.

2 Organization in classes

Loosely speaking we have three large groups of classes: distribution classes (in "distr"),
simulation classes (in "distrSim") and an evaluation class (in "distrTEst"), where the
latter two are to be considered only as tools which allow a unified treatment of simulations
and evaluation of statistical estimation (perhaps also tests and predictions later) under
varying simulation situations. Additionally, package "distrEx" provides classes for discrete
multivariate distributions and for factorized, conditional distributions, as well as a bundle
of functionals and distances (see below).

2.1 Distribution classes

The purpose of the classes derived from the class Distribution is to implement the concept
of a r.v./distribution as such in R.
All classes derived from Distribution have a slot param for a parameter, a slot img for the
range and the constitutive slots r, d, p, and q.
From version 1.9 on, up to arguments referring to a parameter of the distribution (like
mean for the normal distribution), these function slots have the same arguments as those
of package "stats", i.e.; for a distribution object X we may call these functions as

• r(X)(n) —except for objects of class Hyper, where there is a slot n already, so
here the argument name to r is nn.

• d(X)(x, log = FALSE)

• p(X)(q, lower.tail = TRUE, log.p = FALSE)

• q(X)(p, lower.tail = TRUE, log.p = FALSE)

For the arguments of these function slots see e.g. rnorm from package "stats". Note
that, as usual, slots d, p, and q are vectorized in their first argument, but are not on the
subsequent ones. The idea is to gain higher precision for the upper tails or when multiplying
probabilities.
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2.1.1 Subclasses

To begin with, we have considered univariate distributions giving the S4-class UnivariateDistribution,
and as typical subclasses, we have introduced classes for absolutely continuous and discrete
distributions —AbscontDistribution and DiscreteDistribution.

The former, from version 1.9 on, has a slot gaps of class OptionalMatrix, i.e.; an object
which may either be NULL or a matrix. This slot, if non-NULL, contains left and right
endpoints of intervals where the density of the object is 0. This slot may be inspected
by the accessor gaps() and modified by a corresponding replacement method. It may also
be filled automatically by setgaps(object, exactq = 6, ngrid = 50000), where upon evaluation
of the d-slot on a grid of length ngrid, all regions in the range5 of the distribution where
the density is smaller than 10−exactq are set to gaps. Internally, we have helper functions
.consolidategaps to merge adjacent intervals and mergegaps to merge slots of different objects.
For saved objects from earlier versions, we provide the functions isOldVersion and
conv2NewVersion to check whether the object was generated by an older version of this
package and to convert such an object to the new format, respectively.

Class DiscreteDistribution has a slot support, a vector containing the support of the
distribution, which is truncated to the lower/upper TruncQuantile in case of an infinite
support. TruncQuantile is a global option of "distr" described in section 5.

Also from version 1.9 on, class DiscreteDistribution has a subclass LatticeDistribution for
supports consisting of6 an affine linear lattice of form p+ iw for p ∈ R, w ∈ R, w 6= 0 and
i = 0, 1, . . . , L, L ∈ N ∪∞. This class gains a slot lattice of class Lattice (see below). The
purpose of this class is mainly its use in DFT/FFT methods for convolution. Slot lattice

may be inspected by the usual accessor function lattice (). As by inheritance, all subclasses
of LatticeDistribution which prior to version 1.9 were direct subclasses of DiscreteDistribution

gain a slot lattice , too, we provide again isOldVersion and conv2NewVersion methods to check
whether the object was generated by an older version of this package and to convert such
an object to the new format, respectively. Also note that internally, we suppress lattice
points from the support where the probability is 0.

Objects of classes LatticeDistribution resp. DiscreteDistribution, and from version 2.0 on,
also AbscontDistribution, may be generated using the generating functions LatticeDistribution ()

resp. DiscreteDistribution() resp. AbscontDistribution(); see also the corresponding help. E.g.,
to produce a discrete distribution with support (1, 5, 7, 21) with corresponding probabilities
(0.1, 0.1, 0.6, 0.2) we may write

> D ← D i s c r e t e D i s t r i b u t i o n ( supp = c ( 1 , 5 , 7 , 21 ) , prob = c (0 .1 , 0 .1 , 0 .6 , 0 . 2 ) )

5more precisely: between lower and upper TruncQuantile; TruncQuantile is a global option of "distr"

described in section 5
6or at least if filled with points carrying no mass have a representation as an affine linear lattice

9



> D

D i s t r i b u t i o n Object o f Class : D i s c r e t e D i s t r i b u t i o n

> plot (D)
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and to generate an absolutely continuos distribution with density proportional to e−|x|
3
,

we write

> AC ← AbscontDis t r ibut ion (d = function ( x ) exp(−abs ( x )∧ 3) , withStand = TRUE)
> AC

D i s t r i b u t i o n Object o f Class : AbscontDis t r ibut ion

> plot (AC)
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As subclasses of these absolutely continuous and discrete classes, we have implemented
all parametric families which already exist in the "stats" package of R in form of [pre-
fix]<name> functions —by just providing wrappers to the original R-functions.
Schematically, the inheritance relations as well as the slots of the corresponding classes
may be read off from Figure 1. Class LatticeDistribution and slot gaps, as well as addi-
tional classes AffLinAbscontDistribution, AffLinDiscreteDistribution, AffLinLatticeDistribution

(c.f. section 3.2) are still lacking in this graphic so far, however, as well as the classes in-
troduced in version 2.0.

The most powerful use of our package probably consists in operations to automatically
generate new slots r, d, p, and q —induced by mathematical transformations. This is
discussed in some detail in subsection 3.
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e s t imator : median
Result :

medn.id medn.re
Min. : −0.771776 Min. : −0.8759440
1 s t Qu. : −0.144237 1 s t Qu. : −0.1699357
Median : 0 .001094 Median : −0.0000489
Mean : 0 .006348 Mean : 0 .0017152
3 rd Qu. : 0 .161696 3 rd Qu. : 0 .1596995
Max. : 0 .721797 Max. : 0 .8024008

> plot ( e l i s t , cex = 0 .7 , l a s = 2)
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1. coordinate

Output by plot/show-method for an object of class Evaluation

> r e s u l t . c o n t . m e s t

An Evaluat ion Object
name o f Dataobject : ob j e c t
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name o f D a t a f i l e : conts im 01
es t imator : mestimator
Result : ' data . f rame ' : 1000 obs . o f 2 v a r i a b l e s :
$ mstm.id : num −0.2438 −0.029 0 .4076 −0.0548 −0.1093 . . .
$ mstm.re : num −0.21554 −0.11542 0 .3185 0 .00683 −0.17485 . . .

Output by summary-method for an object of class EvaluationList

> summary( e l i s t )

name o f Evaluat ion L i s t : a l i s t o f ”Evaluat ion ” objects
name o f Dataobject : ob j e c t
name o f D a t a f i l e : conts im 01
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
name o f Evaluat ion : ob j e c t
e s t imator : mean
Result :

mean.id mean.re
Min. : −0.611197 Min. : −2.72565
1 s t Qu. : −0.121965 1 s t Qu. : −0.35111
Median : 0 .011816 Median : −0.01980
Mean : 0 .004206 Mean : −0.01225
3 rd Qu. : 0 .131195 3 rd Qu. : 0 .33324
Max. : 0 .534644 Max. : 2 .03193
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
name o f Evaluat ion : ob j e c t
e s t imator : mestimator
Result :

mstm.id mstm.re
Min. : −0.6047093 Min. : −0.9121882
1 s t Qu. : −0.1324168 1 s t Qu. : −0.1593977
Median : −0.0000691 Median : −0.0046281
Mean : 0 .0050608 Mean : 0 .0002269
3 rd Qu. : 0 .1409748 3 rd Qu. : 0 .1529961
Max. : 0 .6084071 Max. : 0 .6709196
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
name o f Evaluat ion : ob j e c t
e s t imator : median
Result :

medn.id medn.re
Min. : −0.771776 Min. : −0.8759440
1 s t Qu. : −0.144237 1 s t Qu. : −0.1699357
Median : 0 .001094 Median : −0.0000489
Mean : 0 .006348 Mean : 0 .0017152
3 rd Qu. : 0 .161696 3 rd Qu. : 0 .1596995
Max. : 0 .721797 Max. : 0 .8024008
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In this example we present a standard robust simulation study that — in variations — arises in

almost every paper on Robust Statistics. We do this with the tools provided by our package. . .

13.9 Expectation of a given function under a given distribution

Code also available under

http://www.uni-bayreuth.de/departments/math/org/

/mathe7/DISTR/Expectation.R

This code is for illustration only; in the mean-time, the expectation- and variance operators implemented in

this example have been included to package "distrEx" where their functionality has further been extended.

As in examples 13.5 and 13.6, we illustrate the use of package "distr" by implementing a general

evaluation of expectation and variance under a given distribution.

> require ( ”d i s t rEx ”)
> # Example

> id ← function ( x ) x
> sq ← function ( x ) x∧2
> # Expectation and Variance of Binom(6,0.5)

> B ← Binom (6 , 0 . 5 )
> E(B, id )

[ 1 ] 3

> E(B, sq ) − E(B, id )∧2

[ 1 ] 1 . 5

> # Expectation and Variance of Norm(1,1)

> N ← Norm(1 , 1)
> E(N, id )

[ 1 ] 0 .9999998

> E(N, sq ) − E(N, id )∧2

[ 1 ] 0 .9999944

13.10 n-fold convolution of absolutely continuous distributions

Code also available under

http://www.uni-bayreuth.de/departments/math/org/

/mathe7/DISTR/nFoldConvolution.R

Might be useful for teaching the CLT: a straightforward implementation of the n–fold convolution

of an arbitrary implemented absolutely continuous distribution — to show accuracy of our method

we compare it to the exact formula valid for n-fold convolution of normal distributions.

From version 1.9 this is integrated to package "distr".
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> ##########################################################

> ## Demo: n-fold convolution of absolutely continuous

> ## probability distributions

> ##########################################################

> require ( d i s t r )
> i f ( ! isGeneric ( ”convpow ”) )
+ setGeneric ( ”convpow ”,
+ function (D1 , . . . ) standardGeneric ( ”convpow ”) )
> ##########################################################

> ## Function for n-fold convolution

> ## -- absolute continuous distribution --

> ##########################################################

>
> ##implentation of Algorithm 3.4. of

> # Kohl, M., Ruckdeschel , P., Stabla , T. (2005):

> # General purpose convolution algorithm for distributions

> # in S4-Classes by means of FFT.

> # Technical report , Feb. 2005. Also available in

> # http://www.uni-bayreuth.de/departments/math/org/mathe7/
> # /RUCKDESCHEL/pubs/comp.pdf

>
>
> setMethod( ”convpow ”,
+ signature (D1 = ”AbscontDis t r ibut ion ”) ,
+ function (D1 , N){
+ i f ( (N < 1 ) | | ( ! identical ( f loor (N) , N) ) )
+ stop ( ”N has to be a natura l g r e a t e r than 0 ”)
+
+ m ← ge td i s t rOpt i on ( ”DefaultNrFFTGridPointsExponent ”)
+
+ ##STEP 1

+
+ lower ← i f e l s e ( (q(D1) ( 0 ) > − I n f ) , q(D1) ( 0 ) ,
+ q(D1) ( ge td i s t rOpt i on ( ”TruncQuantile ”) ) )
+ upper ← i f e l s e ( (q(D1) ( 1 ) < I n f ) , q(D1) ( 1 ) ,
+ q(D1) ( ge td i s t rOpt i on ( ”TruncQuantile ”) , l o w e r . t a i l = FALSE) )
+
+ ##STEP 2

+
+ M ← 2∧m
+ h ← ( upper−lower )/M
+ i f (h > 0 .01 )
+ warning ( paste ( ”Grid for approxfun too wide , ” ,
+ ”i n c r e a s e DefaultNrFFTGridPointsExponent ” , sep=””) )
+ x ← seq ( from = lower , to = upper , by = h)
+ p1 ← p(D1) ( x )
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+
+ ##STEP 3

+
+ p1 ← p1 [ 2 : (M + 1 ) ] − p1 [ 1 :M]
+
+ ##STEP 4

+
+ ## computation of DFT

+ pn ← c ( p1 , numeric ( (N−1)∗M) )
+ f f t p n ← f f t (pn )
+
+ ##STEP 5

+
+ ## convolution theorem for DFTs

+ pn ← Re( f f t ( f f t p n ∧N, inverse = TRUE) ) / (N∗M)
+ pn ← (abs (pn) ≥ .Machine$doub l e . ep s )∗pn
+ i.max ← N∗M−(N−2)
+ pn ← c (0 , pn [ 1 : i .max ] )
+ dn ← pn / h
+ pn ← cumsum(pn )
+
+ ##STEP 6(density)

+
+ ## density

+ x ← c (N∗lower , seq ( from = N∗lower+N/2∗h ,
+ to = N∗upper−N/2∗h , by=h ) ,N∗upper )
+ dnfun1 ← approxfun ( x = x , y = dn , y l e f t = 0 , y r i gh t = 0)
+
+ ##STEP 7(density)

+
+ sta n da rd i z e r ← sum(dn [ 2 : i .max ] ) + (dn [1 ]+ dn [ i .max +1]) / 2
+ dnfun2 ← function ( x ) dnfun1 ( x ) / s t an da rd i z e r
+
+ ##STEP 6(cdf)

+
+ ## cdf with continuity correction h/2

+ pnfun1 ← approxfun ( x = x+0. 5 ∗h , y = pn ,
+ y l e f t = 0 , y r i gh t = pn [ i .max +1])
+
+ ##STEP 7(cdf)

+
+ pnfun2 ← function ( x ) pnfun1 ( x ) / pn [ i .max +1]
+
+
+ ## quantile with continuity correction h/2

+ y l e f t ← i f e l s e ( ( ( q(D1) ( 0 ) == −Inf ) |
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+ (q(D1) ( 0 ) == −Inf ) ) ,
+ −Inf , N∗lower )
+ yr i gh t ← i f e l s e ( ( ( q(D1) ( 1 ) == I n f ) |
+ (q(D1) ( 1 ) == I n f ) ) ,
+ Inf , N∗upper )
+ w0 ← options ( ”warn ”)
+ options ( warn = −1)
+ qnfun1 ← approxfun ( x = pnfun2 ( x+0. 5 ∗h ) ,
+ y = x+0. 5 ∗h , y l e f t = y l e f t , y r i gh t = yr i gh t )
+ qnfun2 ← function ( x ){
+ ind1 ← ( x == 0)∗ ( 1 : length ( x ) )
+ ind2 ← ( x == 1)∗ ( 1 : length ( x ) )
+ y ← qnfun1 ( x )
+ y ← replace (y , ind1 [ ind1 != 0 ] , y l e f t )
+ y ← replace (y , ind2 [ ind2 != 0 ] , y r i gh t )
+ return ( y )
+ }
+ options (w0)
+
+ rnew = function (N) apply (matrix ( r ( e1 ) ( n∗N) ,
+ ncol=N) , 1 , sum)
+
+ return (new( ”AbscontDis t r ibut ion ” , r = rnew ,
+ d = dnfun1 , p = pnfun2 , q = qnfun2 ) )
+ })

[ 1 ] ”convpow ”

> ## initialize a normal distribution

> A ← Norm(mean=0, sd=1)
> ## convolution power

> N ← 10
> ## convolution via FFT

> AN ← convpow ( as (A, ”AbscontDis t r ibut ion ”) , N)
> ## ... for the normal distribution , 'convpow ' has an "exact"

> ## method by version 1.9 so the as(.,.) is needed to

> ## see how the algorithm above works

>
> ## convolution exact

> AN1 ← Norm(mean=0, sd=sqrt (N) )
> ## plots of the results

> eps ← ge td i s t rOpt i on ( ”TruncQuantile ”)
> par ( mfrow=c ( 1 , 3 ) )
> low ← q(AN1) ( eps )
> upp ← q(AN1) ( eps , l o w e r . t a i l = FALSE)
> x ← seq ( from = low , to = upp , length = 10000)
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> ## densities

> plot (x , d (AN1) ( x ) , type = ”l ” , lwd = 5)
> l ines ( x , d (AN) ( x ) , col = ”orange ” , lwd = 1)
> t i t l e ( ”D e n s i t i e s ”)
> legend ( ”t o p l e f t ” , legend=c ( ”exact ” , ”FFT”) ,
+ f i l l =c ( ”black ” , ”orange ”) )
> ## cdfs

> plot (x , p (AN1) ( x ) , type = ”l ” , lwd = 5)
> l ines ( x , p (AN) ( x ) , col = ”orange ” , lwd = 1)
> t i t l e ( ”CDFs ”)
> legend ( ”t o p l e f t ” , legend=c ( ”exact ” , ”FFT”) ,
+ f i l l =c ( ”black ” , ”orange ”) )
> ## quantile functions

> x ← seq ( from = eps , to = 1−eps , length = 1000)
> plot (x , q(AN1) ( x ) , type = ”l ” , lwd = 5)
> l ines ( x , q(AN) ( x ) , col = ”orange ” , lwd = 1)
> t i t l e ( ”Quant i le f u n c t i o n s ”)
> legend ( ”t o p l e f t ” ,
+ legend = c ( ”exact ” , ”FFT”) ,
+ f i l l = c ( ”black ” , ”orange ”) )
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