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Abstract

The proposed research is on discrete Erlang mixtures. Properties of the mixed distributions analyzed
include raw and central moments, which have been derived in terms of moments of the mixing distributions.
Cumulants obtained from the cumulant generating functions were also used in deriving the moments. The
posterior distribution and posterior moments are also among properties presented. Bayesian, moments
and maximum likelihood methods have been applied in parameter estimation. Additionally, the
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mixture distributions have been fitted to two data sets to test their goodness of fit. Some methods and
special functions used in the study are the exponential series, logarithmic series, geometric series, modified
Bessel function of the first kind, and the Touchard polynomials. The discrete mixing distributions used are
the geometric, Poisson and logarithmic.

Keywords: Discrete Erlang mixtures; moments; cumulant; cumulant generating function; posterior distribution;
Poisson; geometric; logarithmic.

1 Introduction

The Elang distribution is used in modeling the waiting time for an event in a Poisson process. It reduces to
the exponential distribution when the shape parameter is equal to one. Its relation to both the Poisson and
exponential distributions has contributed to its vast applications.

Mixed distributions are obtained by combining two or more distributions. They have a wider applicability
compared to the basic distributions. They are used to model data that the basic distributions may fail to, and
therefore are integral in situations that the basic distributions fail to address. They are devised by modifying the
basic distributions using mixing weights to form finite mixtures, and by varying their shape parameters to form
discrete mixtures and their rate/scale parameters to create continuous mixtures. Mixed Erlang distributions
have been studied extensively over time. Zakerzadeh and Dolati [1], Shanker and Mishra [2], Merovci [3], Rashid
et al. [4], Abouammoh et al. [5], Ghitany et al. [6], and Nadarajah et al. [7] are among people who derived finite
Erlang mixtures, while McNolty [8], Jordanova and Stehlik [9], Jordanova et al. [10], and Kang [11] worked on
continuous Erlang mixtures.

The focus of this work is on discrete Erlang mixed distributions, which are obtained by mixing the Erlang
distribution with discrete mixing distributions. Tijms [12] showed that the Erlang mixture can be used in the
approximation of any non-negative continuous distribution. Landriault et al. [13] evinced that the order statistics
of independent mixed Erlang random variables belong to the same distribution class of Erlang mixtures. Cossette
et al. [14] used mixtures of the Erlang distribution in moment based approximation. They conducted numerical
experiments on the mixed Erlang approximation method, where the model was seen to provide an overall good
fit. Woo [15] demonstrated that a large number of distributions are of the discrete mixed Erlang type. They
showed that the Laplace transform of the Erlang mixture can be expressed in terms of the probability generating
function of the mixing distribution. They also discussed special cases of the Erlang mixture, which include the
exponential distribution, the Erlang distribution and the non-central chi-square distribution. Willmot and Woo
[16] derived distributional properties of a class of multivariate mixed Erlang distributions with different scale
parameters. Cossette et al. [17] presented the equilibrium function, among other properties, of the mixed Erlang
distribution.

The outline of the paper is as follows: The mathematical formulation of the mixed Erlang distribution and its
properties have been defined in section 2, and particular cases of the mixed distributions have been obtained in

sections 3, 4 and 5 using the geometric, Poisson and logarithmic mixing distributions respectively. An application
of the mixed distributions has been demonstrated in section 6 and section 7 contains the conclusion in brief.

2 The Discrete Mixed Erlang Distribution and Its Properties

e The probability density function (pdf) of the conditional (Erlang) distribution is

ftn) = %e*”t"”, t>0;A>0,n=1,23,.. (2.1)
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and its distribution function (CDF) is given by

F(tln)=1—e ™ i % = 7(:(’:;) (2.2)

where n is the shape parameter and A is the rate parameter.

e The mixed Erlang distribution is thus given by;

—Atyn-1 At ()"t
Zrn Pr= e Zm_lﬁ

n=1

= A ME <(Aﬂn71) (2.3)

(n—1)!

where P, is a discrete mixing distribution.

o The r** raw moment of the Erlang mixture is defined using conditional expectation as;

BE(T") = BE(T"|n) = E/OO £ F(tn)dt

_ E/ A" —Attn—ldt: B (L/ tn+r—1e—xtdt>
I'm J,
T 1 (Tt
=E (Fn Antr N )\’“E I'n (2:4)

Raw and central moments of the mixed Erlang distribution in terms of moments of the mixing distribution
are therefore given by;

e Raw moments

E(T) = %E(n) (2.5)
B(I?) = 558 (P("Fif)) = 3 Bln(n 4+ 1)] = 35 B(?) + E(m)] (2.6)
BI®) = 8 (W) = 5 Bln(n+ 1) +2)] = 5 [B(®) + 3E0?) + 2B(m)]  (27)
BT = 8 (F("F: 4)> = i Bln(n + 1) +2)(n +3)]

= (B + 6B () + 1B () + 6B () 28)

e Central moments

i. Variance

p2=E[T — B(T))* E@%*W@W

1 2 1 2 2
= LB + B0~ 5 [E0) = 5 {E@?) + Em) - [Em))
= 5 {Var(n) + B(m)} (2.9)
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ii. Third moment

us = E[T — BE(T))® = E(T®) — 3E(T*)E(T) + 2[E(T))?
= S [B(®) 4+ 3B(n?) + 2B(n)] — 1] 2

- % {E(n®) +3E(n®) + 2B(n) — 3E(n*)E(n) — 3[E(n)]* + 2[E(n)]*}

E(n*) + E(m)|E(n) + 5 [E(n)

% {E[n - E(n))® + 3Var(n) + 2E(n)} (2.10)

iii. Fourth moment

ja = E [T — E(T))' = B(I") — 4B(T*)E(T) + 6E(T*)[E(D)]* — 3[E(T)]*

= B + 6B(®) + 1LE@?) + 6B(n)] - <G [B(n°) + 3B(n*) +
2B E() + 15 [B(?) + B@)E@]? — 35 [Bm)’

= %{E(n‘l) +6E(n*) + 11E(n®) + 6 E(n) — 4E(n*)E(n) — 12E(n*)E(n)—
8[E(n))* + 6E(n*)[E(n)]* + 6[E(n)]* - 3[E(n)]*}
= %{E[n — E(n)]* + 6E[n — E(n)]® + 6Var(n)E(n) + 11Var(n) + 3[E(n))*> + 6E(n)}

= %{E[n — E()]* +6E[n — E(n)]> + Var(n)[6E(n) + 11] + 3[E(n)]* + 6E(n)}  (2.11)

e The moment generating function of the Erlang mixture is given by

M;i(s) = E(e"®) = EE(e"*|n) = E/ e f(t|n)dt
0
_ E/ etsleikttnildt - E ()‘7/ tnflef(kfs)tdt)
0 I'n I'n /g

(i) o)

and hence the cumulant generating function is

Ki(s) = logM(s) = logEl (%)n (2.13)

The r** cumulant of the mixed distribution, K. (t), is the r*" derivative of the cumulant generating
function at s = 0, and the first, second and third cumulants are the expected value, second and third
central moments respectively.
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o Elei] o
t(s)fW and  Ki(t) = K,(0) = { E(n) (2.14)
A—s
E(x=
Ka(t) = K, (0) = ¥ L (Bm?) + B(n (n)]?} (2.15)
) = 2(2) ] {e() & [”%;?;;W] - B[ 2| B[]} -
7 (s) =

(2 ()T
28 [cxn] {2 ()" 2 [t - [ (i)}

Ki(t) = K, (0)= % {E(n®) + 3E(n®) + 2E(n) — 3E(n*)E(n) — 3[E(n))* + 2[E(n)]’} (2.16)

and

e The posterior distribution is given by

()\t)nfl

—)\ n—
A L) LS i A S ) (2.17)
t _ A)n—1 A)n—1 :
G0N ME(( Ty T (0o

where f(t|n) is the likelihood function, which is the Erlang distribution, and P, is the prior distribution.
The posterior 7" moment is given by

0o o r(A)"T1 n"(At)"*l)

Z g(nlt) = n=1" "= Pn _ E( (n—1)! (2.18)
(A)n—1 (A)n—1 ’

n=1 E( (n—1)! ) E( (n—1)! )

and the posterior mean is
(n()\t)"' 1)
(n—1)!
EnT)= —————+ (2.19)

(At)n—1
E( (n—1)! )

The posterior mean E(n|T") is the Bayes estimator of the parameter n of the Erlang distribution, assuming
squared error loss function.

Remark: The mixed Erlang distribution and its properties have been expressed in terms of expectations
of the mixing distribution.

e Parameter estimation
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Method of moments estimation (MME)

In this method, sample moments are used to estimate distribution moments, where the r‘* raw moment
for the sample z of size n,

bl .
== s =1,2,3,.. 2.20
m - ; x r ( )
is equated to the " raw moment of the probability distribution f (z;0),0 € Q,

wr=E(X"), r=1,2,3,.. (2.21)

to solve for the estimators of the parameters.
Maximum likelihood estimation (MLE)

The first derivatives of the log-likelihood functions of the mixed distributions, with respect to respective
parameters, are obtained and equated to zero and the resulting equations solved simultaneously to obtain
another equation, which is solved using the Newton-Raphson method to obtain the numerical estimates
of the parameters.

3 Erlang-Geometric Distribution and Its Properties

The geometric mixing distribution is;

P,o=pl-p)" ", n=1,23.;0<p<1 (3.1)
= ()t el 2 (1= p)]t t1—p
2) =X G o e BT e 6

:pinr MA-p]"™t _ p i”rﬂ A1 —p))"

n—1)! — (n—1)! At(1—p) —~ n!
S p——E Ol R 3.3
e T e~ ) (33
where Tp.(z) = e™* > 722, krk‘",”k = > _,S(r,k)z" is the Touchard polynomials and S(r, k) = Z?:o % is

the Stirling number of the second kind.

a) The Erlang-geometric distribution is thus;
f@)=Xpe M £=0,1,2,..;0<p<1L,A>0 (3.4)

The distribution function is given by

_ o= Ap(t+1)
1-e ] (3.5)

t
F(t)=Xpd e ™" =xp [W
=0
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and the quantile function is
. 1 t .
Qty=F ()= —In {1——(1—6 p)} -1 (3.6)

Y Ap

b) The moment generating function of the mixed distribution is;

oS} A n . p)\ 00 )\(1 _p) n—1
M,(s) = AN 1— =
=3 (325 pwrt = 2
_pA 1 2
7)\—51_”/\1:31’)717)\—5 (3.7)
and the cumulant generating function is thus;
PA
M¢(s) = log = log(pA) — log(pX — s) (3.8)
PA— s
¢) The raw moments of the geometric distribution are;
B(n) = (3.9)
» .
201—p) 1
E(n®) =22 4 = 3.10
(n7) o » (3.10)
5y _ 6(L—p)*  6(1—p) 1
E(n®) = + += 3.11
(n”) o o ’ (3.11)
24(1—p)®  36(1—p)®  14(1—p) 1
E(n') = + + + = 3.12
(n") p 7 o » (3.12)
and the central moments are therefore;
20—p) 1 1 1-p
Var(n) = ——+-— = = 3.13
(n) o PRl (3.13)
6(1-p)?* 6(0-p) 1 _32-p 2 _2-3p+p’
24(1—p)®  36(1—p)*  14(1 - 1 4
Bl - B(n)* = 220 —p) | 360 =p)” | MU =p) (1 A6 o465 4 6p— 6 + 50+
p p p p D
6 3 9—18p+10p° —p°
1?(2 —p) — o o (3.15)
d) Hence, the moments and cumulants of the Erlang-geometric distribution are given by;
1
E(T) = Ki(t) = » (3.16)
1 (1—p 1 1
T = Ko(t) = — i 1
Var(T) 2(t) 2 { p> + p} BNE (3.17)
1 (2-3p+p* 3(1-p) 2 2
- K - g Qe 1
He o= 58 { P’ Tty (pA)? (3.18)
1 [9—18p+10p2—p® 6(2—3p+p?) 1—p[6 3 6 9
= — -4+ 11 — 4+ -7 = .1
ST { p* " p? AR Pl IR (pA)* (3.19)
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e) The posterior distribution of the mixed distribution is,

ann—t n—1 _ _ _
o (1 —p) AMA=PI (1 — p)]t
g(n|T) = =2 = At(1 = p)] (3.20)
pet1=p) (n—1)!

which is Poisson~ [At(1 — p)].

The posterior 7" moment is,

PPN =) T (1 - p)]

E(n"|T) = 2= = 3.21
(n ‘ ) pe)\t(l_p) )\t(l _ p) ( )
The posterior mean is hence given by,
Tr[At(1 - p)]
En|T) = —F—F——= = X(1 - 1 3.22
() = BE T = M= p) + (3.22)
f) Parameter estimation
Method of moments
The method of moments estimator(MME) of the parameter p of the geometric distribution is
1 1
—-—=n = p=— (3.23)
D n
and those of the parameters of the Erlang-geometric distribution are
1 2 St o1 1
— =t and ——=%==1" — X=_ and p=— 3.24
Ap (Ap)? n pt M (3.24)

The equation A—lp —t = 0 can be solved using the Newton-Raphson method to obtain the numerical

estimates of p and A
Maximum likelihood estimation
The likelihood function of the Erlang-geometric distribution is given by
L(p,\) = ﬁ Ape Pl = (Ap)te P Zi=iti (3.25)

i=1

and the log-likelihood function is thus

L =InL(p,\) = nin(Ap) = Ap > t: (3.26)
i=1
The first derivatives with respect to respective parameters are obtained as illustrated below.
L n "
oL _ Ty ;=0 3.27
-ty (327
L n "
a_x—p;ti—o (3.28)
L I U RN S P (3.29)
ANt M Pyl ti Pt t

Equations (3.27)-(3.28) are equated to zero and solved simultaneously to further obtain the equation
PA — % = 0, which is solved using the Newton-Raphson method to estimate the parameters p and A
numerically.
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4 Erlang-Poisson Distribution and Its Properties

The Poisson mixing distribution is;

on
Pnfen,p . n=0,1,2,.:0<p<1 (4.1)
AP s " e s Q)" ()"
and, E((nfl)! _;(nq)! nl Pe Zn‘(nfl) L (—1)n
%) 2(n—1) %) 2n—1
— P _ no1(=Apt)” 2 B 7\/)\)
- pe ;( b nl(n—1) g nl(n —1)!
L, s (QZW)Qn 1 _p
_ pe )t _ pe” P . )
= g T TR i\/)\T)tTl (21\/)\pt) (4.2)

(=1)*

> reo GiNCE=sy (%)2k+p is the modified Bessel function of the first kind.

where 7,(x) =

a) The Erlang-Poisson mixture is thus;

—7)\ ¢ . p)l 2\/)\1? =1,2,3 0 1, A 0 4.3
t 7 ] t, t ,2,3,..;0<p<1LA> .
f() i /7)\ 7 1( ¢ ) ( )

and the distribution function is

A —-PpP oo t e
f—eTz Zk'r k+2 “apr)tE = pfzk,p k+2 Ze Mgt

872(t+1)

> d \"1-
_p —Zz
VA Z k'F k: ¥ 2) (6 de*z) 1—e (44)

b) The moment generating function of the mixture is;

- A \"ePp" ,poo Ap \" 1
Mi(s) Z(Afs> nl ¢ Z(Afs n!

n=0 n—0
— e P(1-325) = o (4.5)

and the cumulant generating function is therefore;
Ke(s) = In (expfs) = % (4.6)

¢) The raw moments of the Poisson distribution are;
E(n)=p (47)
E(n®)=p" +p=pp+1) (4.8)
E(@m®) =p’ +3p" +p=p(®’ +3p+1) (4.9)
E(n*) =p* +6p° +7p” + p = p(p” + 6p° + Tp+ 1) (4.10)

and the central moments are hence given by;

Var(n)=p° +p—p° =p (4.11)
Eln—E®m)® =p°+3p° +p—3p(p° +p) + 2" = p (4.12)
Eln— E(n)* = p* +6p” + 7" +p — 4p(p” + 3p" +p) + 6p° (0" +p) — 3p" =3p” +p (4.13)
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d) Moments and cumulants of the Erlang-Poisson distribution are thus;

B(T) = Ki(t) = % (4.14)
1 2
Var(T) = Ka(t) = F(p-i-p) /\12) (4.15)
1 6
= Ks(t) = 55(p+3p+2p) = 35 (4.16)
1 12
s = F[:),p? +p+6p+ p(6p + 11) + 3p* + 6p] = p(p2 +2) (4.17)

e) The posterior distribution of the mixture distribution is

)1 e=Ppn

DT ! iV Aptpt)" (4.18)
et 4 (20 Tp) 71 (2iv/Apt) nl(n — 1)! .

9(n|T) =

The posterior 7" moment is

N & )\pt n—1
T 4.19
(n"|T) = P Tp ;n wl(n — 1)) (4.19)
and the posterior mean is
i/ Apt = (Apt)" 1 . 70(2i+/Apt)
En|T) = =i/ Apt—————= 4.20
(n|T) 71 (26 )\pt)nz::l(nfl)!(nfl)! VAP 71(2iv/Apt) (4.20)

f) Parameter estimation
Method of moments

The respective method of moments estimators of the parameters of the Poisson and the Erlang-Poisson
distributions are given by

=n .
5 (4.21)
p T p(2+p) ZT'L=1 t? 5(2 + /\ﬂ 27';1 tzz
P_7 and _ L — — L
) an A2 n ) n
- 2nt ~ 2nf2
— = ST oo and p= T2 (4.22)

i=1"%

Maximum likelihood estimation

The likelihood function of the mixture is

m Ape (tite) (Ap)" e P Az ti 2k+1
Lip,N)=|| ————712V-Mpt;) = o /= Apt;
(p7 ) E /7—)\]?151' 7'1( p ) ( /77)\1)) 1—[?:1\/5 Zrllkz LT k‘+2 ( P )
(4.23)
and the log-likelihood function is given by
L =InL(p,\) = nln (\p) — np — Ath ~nln ( ) Zln\FJr
i=1
n = (=) ——\ 2k+1
;Inkzzoiklf(k—kﬁ (\/ )\ptl) (4.24)

98



Beatrice; Asian J. Prob. Stat., vol. 26, no. 8, pp. 89-106, 202/; Article no.AJPAS.117820

The derivatives of the log-likelihood function with respect to the parameters, p and A\ are obtained as
below.

(—1)FH (2k+1)¢; -\ 2k—1
"D o 2K (k+2) (V=Apti)

oL n
1 2k+1
op 2 ity k'I‘(k)JrQ) (V _Apti)
(=)t (2k+1)t; m 2k—1

0L bt p Dm0 T ARTUT2) (v=Apt:) -0 (4.26)

= g i E 1k 2k+1 - :
oA 2)‘ i =1 2keo kl(r<k)+2) (V=Ark)

H Tt - .
:%:E%:t:ﬁ_)\tzo (4.27)

The Newton-Raphson method is applied to the equation p — M = 0 to obtain numerical maximum
likelihood estimates of the parameters. The equation is obtained by equating equations (4.25)-(4.26) to
zero and solving them simultaneously.

5 Erlang-Logarithmic Distribution and Its Properties

The logarithmic mixing distribution is given by;

(e

p

=L =123, .. 1 1
P, —iog(1—p) n 3,.;0<p< (5.1)
A"\ _ - (" p" _ 1 —~ (Atp)"
and thus, E ((n - nZ:; (n—1)! —nlog(1 —p) = —Atlog(1 — p) nz::l n!
_(oAtD _ L Atp
_ (e 1) __1—e (5.2)
Atlog(1 —p)  Atlog(1 — p)
n"(A)" 1 S n"(Mp)" NPT (Atp)
and, E ( (n—1)! ) " —Atlog(1 — p) 7;1 n! " —Atlog(1 — p) (5-3)
a) The Erlang-logarithmic distribution is therefore,
e—/\t _ e—/\t(l—p)
fit) = t=1,2,3,.;A>0,0<p<1 (5.4)

- tlog(l-p)

" log(1 —p) — =z bt x
1 1— e 20-P) a(1— Y
=—7 I _— B (=Pt 4+1,0)- B it+1 .
i e (o) B 10 - B 0] 69
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b) The moment generating function of the mixed distribution is;

n

Mi(s) = i ()\is)n —n|o§(1 —p) _log(11 -p) i (AA—ps)n%

n=1

log [1 = %] 1og [A(1 = p) — 5]  log(A — 5)
log(1—p) log(1 — p)

and hence the cumulant generating function is given by;

K(s) = log (Iog M1 =p) — 5] ~ log(A = S)) = log {log [\(1 — p) — 5] — log(X\ — s)} — loglog(1 — p)

log(1 — p)
(5.7)
c) The raw moments of the logarithmic distribution are;
- —p
Bn) = (1 —p)log(1 —p) (5:8)
2y _ - B P _ —p
Bn) = = pylog(i—p) ~ (1= plog(i —p) _ (1 p)?log(i —p) (5:9)
3y —2p° 3 3p° 3 P __ —plp+1)
EBn) = (1—p)log(1—p) (1 —p)2log(1—p) (1 —p)log(1—p) (1 —p)3log(l—p) (5.10)
B(n) = —6p* 3 12p° - p* B P
(1 —p)tlog(l —p) (1 -p)3log(l—p) (1—p)log(l—p) (1—p)log(l—p)
_ —p(P*+4p+1)
~ (1 —p)*log(1 —p) (5-11)
and the central moments are;
_ —p B P’ _ _—plog(1 —p) —p*
Vartn) = (= o1 =p) ~ (1= p)2lloa(i =P _ (1 —p)log(l — p)? (5:12)
T R (.2 N 3p* N 2p°
Bln =B = 0= piog(i —p) ~ (1= p)lloai —pF (1~ p)llog(1 — )P
_ —p(p+ 1[log(1 — p)]* — 3p*log(1 — p) — 2p°
- (1= p)*[log(1 — p)]? (5:13)
gyt~ P A 4p*(p+1) B 6p° B
Bl =Bl = 5= g —p) ~ (1= p)ilog(i —p)F (1 = p)illog(i — DI
3p*
(1 - p)*{log(1 — p)]*
_ =" +4p+ 1llog(l —p)I° — 4p*(p + [log(1 —p)I* — 6p’log(1 —p) = 3p"

(1 — p)*{log(1 — p)]*
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d) Moments and cumulants of the Erlang-logarithmic distribution are therefore;

—-bp
E(T)=Ki(t) = 5.15
) =50 A1 —p)log(1 —p) (5.15)
1 [ —plog(l—p)—p’ p } —plp + (2 — p)log(1 — p)]
Var(T) = K2(t) = — - = 5.16
0 =50 = 5 | R i ~ T a7} = P lese . 619
s = Ks(t) = & {—p(p + 1)[log(1 — p)]* — 3p®log(1 —p) —2p°  3plog(1 —p) —p°
A3 (1 —p)*[log(1 — p)]? (1 —p)*[log(1 — p)]?
2p _ =20’ — p*(4 — p)log(1 — p) — p(6 — 6p + 2p*)[log(1 — p)]* (5.17)
(1 —p)log(1 —p) A3(1 —p)3[log(1 —p)J?
pa=L { —p(p* 4+ 4p + D[log(1 — p)]* — 4p*(p + 1)[log(1 — p)]* — 6p°log(1 — p) — 3p"
A (1 —p)*[log(1 —p)]*
6p(p + 1)[log(1 — p)]* — 3p®log(1 —p) —2p*>  plog(1 —p) — p°
(1 —p)*[log(1 —p)]? (1 —p)*[log(1 — p)]?
2
{—6—70 +11| + S 3 o b
(1 —p)log(1l —p) (1 —p)?[log(1 —=p)]* (1 —p)log(1l —p)
_ —6p(6p® — 6p — p” + 2)[log(1 — p)]” — 8p(3p” + 3p + p*)log(1 — p)|*—
A1 —p)*[log(1 —p)]*
6p(2p* — p*)log(1 —p) — 3p* (5.18)
e) The posterior distribution of the Erlang mixture is the zero truncated Poisson (Atp) distribution,
(a1 o ()\t )n
_ “(n—D! “nlg(i=p) _ p
g(n|T) = v = ol 1) (5.19)
Atlog(1—p)
The posterior 7" moment is
e/\tpTr(Atp)
r —Atlog(1—p) Tr()\tp)
E(n"|T) = 1,§Atpp = 1o (5.20)
Atlog(1—p)
and the posterior mean is
T1(Atp) Atp (Atp)etP
E(|T) = Mp _ 1 1 _e-AMp extp _ ] (5.21)
f) Parameter estimation
Method of moments
The parameter p of the logarithmic distribution can be estimated, using method of moments, as
—P _ p _ .
=n = ~ +nlog(l—p) =0 5.22
(1 —p)log(1 —p) (1-p) (1=2) (522
The resulting equation can then be solved using the Newton-Raphson method, to estimate the parameter

numerically.

The Erlang-logarithmic distribution method of moments parameter estimators, p and \ are given by
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P —F oang —P@-plogl—p) _ L, &
O e R (5.23)
)+ —ﬁ

The parameter p can be estimated numerically by solving the equation n(2—p)log(1—p)E>+p> 1, t7 =
using the Newton-Raphson method.

Maximum likelihood estimation

The likelihood function of the mixed distribution is

N o= At _ o= Ati(1—p) Hr-l, [6_)\” — e_)‘ti(l_p)]
e e =1
L(p,\) = = 5.25
o) =11 gm0 nlog(1 — p) [T, I (5:29)
The log-likelihood function is
= logL(p, A Z log [ At _)‘”(l_p)] logn — loglog(1 — Z logt; (5.26)

The log-likelihood function is then differentiated with respect to the parameters, p and A, resulting in
the below equations, which are equated to zero and solved simultaneously. The Newton-Raphson method
was applied in estimating the parameters numerically.

L o= e M0-P) 1 "L Ate P 1
5o Z Yy o T = i T (5.27)
e Mi— e Mil=p) (1 —p)log(l—p) 4 1—e P (1 —p)log(l—p)

L _ Z —tie M 4 ti(1—p)e P an ~ti [1 = (1= p)e™] (5.28)

e—Ati — g=At;(1-p) 1 — e—Atip

6 Application

This section provides an application of the constructed distributions to data to assess and compare their goodness
of fit. The -log-likelihood (-log(L)), chi-square (x?) and kolmogorov-smirnov (k-s) statistics have been computed
to this effect. Two real data sets have been used. The first is on death times, in weeks, of 30 patients with
cancer of the tongue. The data has been applied by various authors such as Klein et al. [18], Eledum and
El-Alosey [19] and Eledum and El-Alosey [20]. The second data set is on remission times, in weeks, for 30
leukemia patients who are on a specific type of medication, and has been used by Eledum and El-Alosey [19],
Eledum and El-Alosey [20] and Lawless [21] among other authors.

The mixed distributions generally offer better fits compared to the mixing distributions, as seen in Tables 3 and
4, where the p-values are smaller and the -log(L), x* and k-s values are larger for mixing distributions compared
to the corresponding mixed distributions. Among the mixed distributions, the Erlang-Poisson is a better fit
compared to the Erlang-logarithmic mixture, but the Erlang-geometric distribution offers the best fit among the
three mixtures with the least values for the -log(L), x* and k-s and the highest p-value.
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Fig. 1. The pmfs for the geometric, Erlang-geometric, Poisson, Erlang-Poisson, logarithmic and
Erlang-logarithmic distributions using dataset 1

Table 1. Death times, in weeks, of patients with cancer of the tongue.

Dataset 1
1 1 1 4 5 10 [ 13 | 13 | 16 | 16 | 24 | 26 | 27 28 30 30
32 | 41 | 51 | 65 | 67 | 70 | 72 | 73 | 77 | 91 | 93 | 96 | 100 | 104 | 157 | 167

Table 2. Remission times, in weeks, for some leukemia patients taking a specific type of therapy.

Dataset 2
1 1 2 4 4 6 6 6 7 8 9 9 10 | 12 | 13
14 | 18 | 19 | 24 | 26 | 29 | 31 | 42 | 45 | 50 | 57 | 60 | 71 | 85 | 91
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Table 3. Parameters estimates, -log(L), x?, p-value and k-s test value for the mixing and mixed
distributions using the tongue cancer patients’ data set

Distribution Estimated parameters | -log(L) X p-value k-s
geometric $=0.02 - 157 4 0.5 0.09

Poisson »=50.03 - 689.73 | — o 0 0.5
logarithmic $=0.0001 - —00 | > 0 0.84
Erlang-geometric p=0.1 A=0.2 157 4 0.5 0.09
Erlang-Poisson p=2.66 A=0.053 160 8.29 0.14 0.164
Erlang-logarithmic | p=0.0001 | A=0.046 | 172.18 39 0.0000002 | 0.28

Table 4. Parameters estimates, -log(L), x>, p-value and k-s test value for the mixing and mixed
distributions using the leukemia patients’ data set

Distribution Estimated parameters | -log(L) X2 p-value k-s
geometric $=0.0395 - 126 3 0.8 0.10
Poisson p=25.33 - 412.6 | 4347625 0 0.48
logarithmic p=0.0001 - — 00 — 00 0 0.83
Erlang-geometric p=0.1 A=0.395 126 3 0.8 0.074
Erlang-Poisson p=2.005 A=0.079 132.49 8.135 0.228 0.2
Erlang-logarithmic | p=0.0001 A=0.09 140.64 10.78 0.1 0.2

7 Conclusion

This research has studied discrete Erlang mixtures using the geometric, Poisson and logarithmic mixing
distributions. The posterior distribution of the Erlang-geometric distribution was demonstrated as the Poisson.
The Erlang-Poisson mixture and its posterior distribution were expressed in terms of the Modified Bessel
function of the first kind. The posterior distribution of the Erlang-logarithmic distribution was shown to be
the truncated Poisson distribution, and the posterior moments were expressed as Touchard polynomials. The
moments of the mixed distributions were expressed in terms of moments of the mixing distributions. Additionally,
the cumulant generating functions of the Erlang mixtures have been obtained from their moment generating
functions. Moments of the Erlang mixtures have also been obtained from their cumulant generating functions as
cumulants. Further, Bayesian method was applied in parameter estimation, where the posterior means are the
Bayes estimators of the conditional (Erlang) distribution’s parameter, assuming squared loss function. Method
of moments and maximum likelihood estimates for the mixed distributions were obtained, and the goodness of
fit test for the mixtures was performed by fitting them to two real data sets. The mixed distributions were seen
to have better fits compared to their corresponding mixing distributions, and the Erlang-geometric distribution
had the best fit among the three discrete Erlang mixtures.

Construction of discrete Erlang mixed distributions using more mixing distributions, and further applications
of the mixed distributions, are recommendations for further research.
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