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Abstract:

We present a system of parametric unimodal continuous distributions, containing all possible types of the score
functions of the prototypes. Since for its construction is used the modified Johnson transformation, we call it a
Johnson system. The system contains a great number of practically used probability distributions, some of them
in reparametrized forms in order to obtain families with unified meaning of parameters. Finally, we shortly discuss
a way for the construction of other, non-Johnson systems of distributions on finite intervals.
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1 Introduction

Distribution of random variable X with distribution function F' is said to be supported by interval @ C R
if density f(z) = dF(x)/dx satisfies relation

>0 if ze€9
f(”“’){zo if zeR- Q.

The classification of continuous distributions in the Pearson system [10] is based on the properties of the
score function @)
x
S(z) =— . (1.1)
f(x)
However, Pearson system does not provide a basis for a systematic account of distributions. The reason is
that for distributions with ’partial support’ Q # R the score function does not reflect the properties of the
distribution (cf. [1]).
Johnson [5] proposed method for generating distributions of random variable X supported by Q = (0, c0)
and Q@ = (0,1) by means of transformation ¢ : R — Q defined by

Y=p X)) = logX when Q = (0,00)

Y=p X)) = log when Q= (0,1

— 0. 1) (12)

where Y is a 'prototype’ supported by R. He considered, however, only some particular prototypes.

In order to obtain a useful system of parametric distributions we combine both the methods. We use
the Pearson’s approach to a construction of a system of distributions G on R with densities g and score
functions S, which is complete from the point of view of the behavior of the score functions in infinity.
Next, we construct the transformed systems on interval supports Q. On every Q we obtain random variables
X =n 1Y) with distributions F(z) = G(n(z)) where : Q — R is a version of (1.2) in the form

x when  (a,b) =R
log(x — a) when —oo<a<b=o0
y:n(x): log g m)) when —oco<a<b< o
1og(b ,]j) when —oco=a<b< 0,

proposed by Fabidn [2]. The density of the transformed distribution is
f(@) = g(n(z))n'(z). (1.3)
Besides the density, we characterize transformed distribution by the transformed score function of the pro-

totype,
T'(z) = S(n(x)), (1.4)

where S is given by (1.1). (1.4) was detected by fabidn [1] to be a significant description of the transformed
distributions reflecting their properties. It was shown in [1] that T can be expressed without referring to the

prototype distribution by formula
1 d 1
10 = 553 (o /). (1.5

f(@)dz \ n'(x)

For the sake of simplicity, the explicit formulas for f and T of the transformed distributions are presented
only on particular supports, mostly on the Johnson’s ones, i.e., @ = (0,00) and Q = (0, 1).



2 Parent distributions

2.1 Prototypes

We choose the prototypes G supported by R which cover possible types of the behavior of the score function
in infinity:

UE: S unbounded, exponentially increasing

UP: S unbounded, polynomially increasing

BB: S bounded

BR: S bounded redescending

UB: S unbounded when £ — —oo and bounded when z — oo

BU: S bounded when z — —oo and unbounded when z — oo.

The simplest score functions and the corresponding densities of the prototypes are given in Table 1.

Table 1a. Prototype distributions on R

type  distribution g(x) S(z)
UFE * % g~ coshz sinh z
UP normal \/%e’ %j T
UB  extreme value e %e ¢ 1—¢e®
BU Gumbel etee” e? —1
BB logistic W tanh £
BR Cauchy ) 1_2&2
K = 2K,(1)

All these densities are unimodal. It holds that ¢’(0) = 0 so that
S(0) = 0. (2.1)

The zero of the score function is a measure of the central tendency of prototype distributions.

2.2  Transformed distributions

The densities of distributions from Table la transformed to Q = (0,00) and Q = (0,1) are given in Table
1b and 1lc, together with the transformed scores of the prototype. It is apparent that the transformation
preserves the type of the distribution.

Table 1b. Transformed distributions on (0, c0)

type distribution f(zx) T(x)
UE GIG ﬁe*%(zfl/;) Lz —1/x)
UP  lognormal ﬁe*?og z log
UB  Fréchet Let/e 1—1/x
BU  exponential e~ " r—1
B log-logistic 7(1_&3:)2 2%

1 og T
BR 1Og-caU’Chy mz(1+log? x) 1+10§2 T




Table 1c. Transformed distributions on (0,1)

type distribution fx) T(x)
_% lfz‘ I;E —1/2
UE Kz(Lx)e (1 J; / ) f(kz)
UP  Johnson Up mefﬁlog = log %=
UB Le-(1-a)/= x;uQ
b i e
BB  uniform 1 x—1/2
1 1 2log 125
BR mx(1—x) 14+log? T 1+log? T
From (1.4) and (2.1) it follows that
T((0)) = 0. (2:2)

Point z* = n~1(0) can be considered as the measure of central tendency of the transformed distributions. It
holds that z* = 1 and a* = 1/2 for all parent distributions on (0, 00) and (0, 1), respectively.

3 Parametric families
General parametric families of the Johnson system are constructed in three steps.

3.1 Introduction of the shape parameters of the prototypes

The score functions listed in Table 1 were provided by shape parameters o > 0 and v > 0 (if possible) in
such a way that S(0;«, ) = 0. The results of the procedure are given in Table 2.

Table 2. System of Johnson prototype families with shape parameters «, v.

type 9(z 0, v) S(z o, v)
UB e 1) gl —ve ) —p
1 a
Uup Wl(/\)e_ﬂ'z' otl son z |2
UB %age_o‘e_o‘efz a(l —e™?)
BU %e”‘ze_o‘ez alz—-1)
1 vz 1

BB aBuaa (ez+1€/u)[1+u]a O
BR 1 1f 2az

B(},a0—1) (1+22)~ 1422

B and I are the beta and gamma functions, K, is the Bessel function of the third kind, p = a(1 —v)/2 and
A=(a+2)/(a+1).

Table 2 appears to be a basic scheme from which the general parametric families of the prototypes can
be derived (Section 3.2), as well as the corresponding transformed families on arbitrary supports (Section
3.3).

For distributions with a symmetric parent, o means the excess. Parameter v € (0, 00) characterizes the
non-symmetry. This is apparent from Fig.1, showing densities of type BB,

gr(y) = e /(e¥ +1/v)'*",



density

Figure 1. Densities of prototypes of type BB with various values of the parameter of non-symmetry v

for some values of v. Parameter a of non-symmetric (and mutually symmetric) distributions UB and BU
characterizes both the excess and the non-symmetry simultaneously.

3.2 Introduction of the location and scale parameters of the prototypes

Let u € R be the location and o > 0 the scale parameters. If we put z = w in Table 2, where

Yy—H
o

w =

(3.1)

is the pivotal variable ([4]), we obtain parametric distributions G, ».,, with densities and score functions

g/ivma,v(y) = O—ilga,v(w) (3.2)
1 d 1

S o,V = ——< 5 Ga .\ W :*Sal,w. 3.3

H,0,0, (y) ga’y(w) dyg , ( ) o s ( ) ( )

o is the modal value of G 5,q,,. Obviously, S, (@) = 0. p is taken as a measure of central tendency
of G000 Let 0, and v be given constants, let random variables X1, ..., X,, be distributed according to
G000 and 21,...,x, be their values. The bounded or unbounded score functions indicate whether the
estimate i : Z:L:l Sy.0,0,0(xi) = 0 of the measure of the central tendency is robust or sensitive to outlier
observations.

3.3 Transformed families

The transformed location of the prototype,
t=n"(n), (3.4)

will be called a Johnson parameter of the transformed distribution Fy-1(,)0,0,0(%) = Gu o0 (n(z)). The
explicit forms of the Johnson parameter on different supports are

o if 9=R
. e’ +a if Q= (a,0)
T e if Q= (a,b)
b— et if Q= (-00,b).

t can be considered as a measure of central tendency of the transformed parametric distributions (see [2])
and the bounded or unbounded transformed score functions of the prototype indicate the robustness or
sensitivity of its estimates to outlier observations.



By (3.4), (1.3), (3.2) and (1.4), (3.3), the density and the transformed score function of the prototype of
distribution F} o o, () are

frpaw(@) = Bgayn(w))y'(z) (3:5)
Tipav(@) = BSau(n(w)) (3.6)

where 8 = 1/0 and
n(w) = M, (3.7)

which can be taken as the pivotal variable on Q. By setting z = n(w) in Table 2 and by using relations (3.5)
and (3.6) we obtain Johnson systems of transformed distributions on arbitrary support.

4 Johnson system on (0, c0)

Let us study in more details the Johnson system on Q = (0,00). Here n(x) = logz,n'(x) = 1/x and the
pivotal variable (3.7) is

z =n(w) = log (%)B . (4.1)

Note that the Johnson parameter of distribution supported by (0, 00) is often termed by the scale parameter.
However, we take the value 1/ as the scale.

From Table 2 we derive explicit forms of the densities and transformed score functions of the prototypes
of the six Johnson parametric families and detect their members used in practice.

Type UP. This family is the lognormal distribution

fiplz) = ﬁ(%log(%)
B
Tosle) = flog(7) .

For the sake of simplicity we do not consider a more general prototype g(y) ~ e~ 217" and a generalized
UP family on (0, c0)

1 1 x (Bl ta
=~ e—a(logl%l")
ft,57a($‘) 2>‘I‘()\)xe 2

where A = (o + 2)/(a+1).

Type UB. The family with non-symmetric prototypes skewed to the right with transformed scores of
the prototype bounded at infinity is given by

o) = "

Tipa(z) = aB(l—(z/t)7").
The member f; 51(x) is the Fréchet distribution.

8

)75

Type BU. The family with non-symmetric prototypes skewed to the left with transformed scores of the
prototype bounded at zero is given by

frpalz) = m(i)ﬂae_a(?)ﬁ (4.2)
Tipa(z) = aB((z/t)? -1).

(4.2) is called by [8] a generalized gamma family. Members of the family are the following distributions



Weibull frp1(x)

gamma fasy1,a(@)
chi-squared  f, 1, /2(x)

Rayleigh favion (x)
Maxwell favz,2,32(@)-

Type BB. The family of distributions with heavy-tailed densities and bounded transformed scores of
the prototype is given by

_ B (z/t)7re
fopan(®) = veB(va, o)z [(z/t)8 + 1/v](+1)a
/)8
Tipav(z) = of (z/t)7 ~ 1 (4.3)

(x/t)P+1/v

In [8], a family with densities

TB (z) 5 (95/7)58
B(e,0)x [(x/7)P + 1]=+0

7,8,,8\F) =
is called the transformed beta family. By (1.5), the corresponding transformed scores of the prototypes are

2/7) —
Thes(®) = ﬁ?{i/é)@ " 16. (4.4)

Since T,Zg_’s#;(fy) # 0 if € # §, parameter v is not a Johnson parameter. By comparing (4.4) with (4.3) we
obtain

3 5.e5(@) = Fyep0)108 5.6.216(@)-

Belonging to this type are distributions

log-logistic frp11(x)
beta-prime fp/q,l,q,p/q(x)
Fisher-Snedecor  f11,4, /2,0, /v, ()
Burr 111 Jrve ek (2)
Burr XII fe-1/ecn1/6()
Lomax fi/a1,0,1/a().

Type BR. The distributions of this type are characterized by heavy-tailed densities and redescending
transformed scores of the prototype,

1 1
fooe® = B e DI+l )
aloglx B
oy 2alosaft)

1+ log?(z/t)8"

The members are the log-Cauchy distribution, f; 51(x), and the Student z distribution, fei/2 1 (c41)/2() (cf.
[9]). The prototype of a more general family of this type is mentioned in [7], pp.327.

Type UE. Belonging to this type is a generalized inverse Gaussian family [7] with densities

GIG( ) = (19/‘1)”2 A=1,—5(prtq/z)

P,qA - QK,\(\/]T(]) ’



P, ¢, A € (0,00). By (1.5),

1
TyaX(@) = 5(pw = q/z) = X (4.6)
As TFIS(1) = 0if A = (p — ¢)/2, (4.6) can be generalized in this concrete case for the Johnson and f3

parameters. By setting p = o and ¢ = va we obtain a family with densities descending steeply to zero and
with exponentially increasing transformed scores of the prototype

vP/2(x )P N g s
fopon@) = Mp(gé%xez[ww /] (47)
Lpaw(®) = 5 (@) =v(e/)?] - S0-v)

where p = (v + 1)a/2. The prototype of (4.7) is apparently a distribution with density

Z/P/2 o, Y—B _y—p
= o,y —5(e T tvem o)
gu,a,a,l/(y) 2Kp(04\/;)e €

The two frequently used families of the type UE, the Wald and inverse Gaussian, was chosen perhaps
owing to their simple normalizing constants. Both of them cannot be further generalized for the ¢ and
parameters. A composite distribution belonging to type UE is the Birnbaum-Saunders distribution [7] with

transformed score function of the parent distribution in the form T'(z) = (z — 1)+ 1 — T4z which is of

2
rather complex form, satisfying, however, to the condition (2.2) and, therefore, ready to be generalized for

the pivotal variable (4.1).

5 Systems on finite intervals

5.1 Johnson system on (0, 1)
By using relations (3.5) and (3.6) where n’(x) = 1/[x(1 — z)] and by the use of Table 2 where we put

n@) = nt) _ ((1—1&))5

T, H1—z)

we obtain the Johnson system on (0, 1). Distributions of this system are not used excepting the Johnson’s
Up distribution, given by

1
1—=x

(36=3)°

B —110g?
figa(@) —=——e %

V2rz(l — )

#(1— N\ P
Tip(w) =Tpg(x) = Plog (t((11—33> ’

frp(x) =

and the beta distribution

L BB 1 ~1 -1
fra(@) = 11— 2 o/ () Lap/a(E) = B(p,q) e’ (1 —a)"
TP;Q<x) = Tp'?(B;H»q),l}q,p/q(x) = (p + q)l‘ - D

Taking into account three supports discussed till now, we can speak about ’triplets’ of distributions
consisting from the prototype and two transformed distributions. The triplet studied in [5] is the normal,
lognormal and Johnson Up distributions, in [11] the logistic, log-logistic and uniform distributions and the

triplet
z/[21 —z)] <05
{ (I1-2)/22 x>05

s =5 @ ={ o 151 h)



with Laplace prototype is studied in [6]. We do not include it for the sake of simplicity into the Johnson system
described in Table 2. Many other such triplets can be considered, as for instance the generalized logistic of
ePY zP—1

the fourth kind ([7]) with density f, 4(y) = mm, beta-prime with density f, 4(z) = mm
and the beta distributions.

5.2  Other systems

Whereas n(x) = logx is the only reasonable mapping 7 : (0,00) — R, it is easy to find other monotone
mappings 71 : (a,b) — R, leading to 'non-Johnson’ systems of distributions on a finite interval. We briefly
mention three such systems, resulting from transformations

i) 7n:(0,1) >R n(z) = —log(—logr)
(i) n:(-1,1)—R n(z) = tanh 'z
(iil)) n:(—w/2,7/2) = R n(z) = tanz

(i) Let us set ¢ = —log x so that n/(z) = 1/xq. As the prototypes, the distributions given in Table 1 can
be used. The parent distributions can be provided by shape parameters and by ’pivotal variable on (0, 1),
which is in this case z = log(t/q)?, where t = —logr and kK = e¢~¢ " is the transformed location of the
prototype. Since the function (i) is non-symmetric, this system is probably of little use.

(ii) Since tanh™'(z) = 1 log i—ﬁ, this system is similar to the Johnson system on Q = (—1,1).

(iii) In this system 7’(z) = cos~2 2. However, it is not apparent what prototypes to use. In order to get
simple forms of parent densities, we choose simple forms of functions T, which is on support (—7/2,7/2)
given, using (1.5), by

T(z) = sin2x — cos> x.f'(z)/ f(x). (5.1)
Some proposals are listed in the second column of Table 3. In the third column are the densities computed
by integration of (5.1) and in the next two columns the densities and score functions of the prototypes.

Table 3. Parent distributions of ‘tanz’ system and their prototypes.

type T'(x) f(=) 9(y) S(y)
UE tanz me—%mﬂ%‘ %e—%zf y

BB sin x meil/ cosx 2K1(1)6_ 1+y2 1y+y2
BR sin 2x 1/7 %1-&1;2 13_?;2
BR— sin2z —cos’z 1ev 1 1+1y2 etan™ "y ??JJF;%
BR+ sin2z + cos?z %e*x % 1+1y2 —tan"'y iﬂ;;

c=e"2 /2

In Table 3, type BR is the parent of the Burr XI distribution and the prototype BR is the parent of the
Pearson IV distribution (cf. [7]). The score function of prototypes BR4 and BR_ do not satisfy condition
(2.1) so that the pertaining densities cannot be provided by the location and scale parameters. Let us put

2y 2y
Sa, (y) = ————=7, Sa_ (YY) = ——F——==7-
W= G+ 1727 SR VEL
The corresponding densities are by (1.1)
0+(v) e )

Tl (y+1/2)7



and
1 e~ tan~t(y—1/2)

S G- |

where ¢ = e™/2 — e=7/2_ g, and g_ are the heavy-tailed asymmetric parents of the type BR (Fig.2), which
can be included into the prototype distributions of the Johnson system given in Table 1.

density

Figure 2. Densities g_, go,1,1 ( Cauchy distribution) and g+

The parent densities could be further provided by some shape parameters and, at last, by pivotal variable
(3.1) and the transformed densities by the ’pivotal variable on (—7/2,7/2)’ which is, by (3.7),
_ PBsin(x — 1)

z = f(tanz — tant) = .
cosx cost
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