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ON THE USE OF FUNCTIONAL CALCULUS FOR
PHASE-TYPE AND RELATED DISTRIBUTIONS

MOGENS BLADT, AZUCENA CAMPILLO NAVARRO & BO FRIIS NIELSEN

DTU COMPUTE TECHNICAL REPORT-2014-18

ABSTRACT. The area of phase-type distributions is renowned for
its ability to obtain closed form formulas or algorithmically exact
solutions to many complex stochastic models. The method of func-
tional calculus will provide an additional tool along these lines for
establishing results in terms of functions of matrices. Functional
calculus, which is a branch of operator theory frequently associated
with complex analysis, can be applied to phase-type and matrix—
exponential distributions in a rather straightforward way. In this
paper we provide a number of examples on how to execute the
formal arguments.

1. INTRODUCTION

In the area of phase-type or matrix—exponential distributions we
are often able to obtain closed form formulas for many complex sto-
chastic models. Examples include closure properties of phase-type dis-
tributions such as convolutions, moment distributions, maximum or
minimum, or expressions for renewal densities, ruin probabilities and
stationary distributions of certain queues. Often the problem involves
establishing a representation, or computing some functional of a phase—
type distributed random variable X on the form E(w(X)) for some
function w.

In this paper we introduce the method of functional calculus to show
how to obtain closed form formulas in a number of situations for expres-
sions like E(w(X)), and we further provide an example from moment
distributions that establishes a matrix—exponential representation of an
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2 BLADT, CAMPILLO & NIELSEN

n’th order moment distribution which is intriguingly similar to a block—
Erlang form. We also provide a short proof for the canonical represen-
tation of a matrix-exponential distribution, which is a representation
parametrised in terms of the coefficients of its Laplace transform.

Expectations on the form E(w(X)) appear naturally in a variety of
situations. For particular choices of w like

sx 1

w(z) =e ¥, w(z) =" and w(z) ="

the expectation produces the Laplace transform, characteristic function
and Mellin transform respectively, which all characterise the distribu-
tion. In size-biased sampling, we have densities on the form

g(w) = T o = E(w(X)),

where f is a given density, w is a non-negative function, and X a
random variable with density f. If w(z) = 2" we are talking about
moment distributions of order n, but examples with e.g. fractional
powers of X also appear in practice (see e.g. [16]). Of course it is of
interest to be able to express the normalising factor pu,, in closed form
whenever possible.

The rest of the paper is organised as follows. In section [2| we re-
view some basic concepts regarding functions of matrices and (holo-
morphic) functional calculus. In section [3| we setup the basic notation
and facts regarding phase—type distributions, and in section 4| we ex-
press the expected value of w(X) in terms of the Laplace transform of
w, and apply the result to some particular choices of w. We also pro-
vide an alternative derivation for the representation of the n’th order
moment distributions using functional calculus. As it turns out, the
calculations we perform are not particularly linked to the probabilistic
structure of phase-type distributions, so in section [5| we consider vari-
ous extensions including matrix—exponential distributions, multivariate
phase—type, and a class of heavy tailed infinite-dimentional phase-type
distributions, where the Mellin transform are of particular interest.

2. FuNcTIiONAL CALCULUS

Functional calculus can most easily be understood as a method for
replacing real and complex variables of functions with matrices, or more
generally, operators. A well known example is the matrix exponential
exp(A) of a finite square matrix A. Less known examples are cos(A)
or A® for non—integer values of . In this paper we shall show how
holomorphic functional calculus may be used in the area of phase—type
and matrix—exponential distributions.
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If A is a finite square matrix and f a function, we may define f(A)
in several equivalent ways. If f is the polynomial f(x) = a¢ + a1 +
-+ + a,x", the operator

flA) :=aol + 1A+ +a,A"

is well defined. More generally, if f is an analytic function
f(z) = ian(z —a)", a,z € C,
n=0
with radius of convergence R, we may then define
f(A) = f:an(A —al)"
n=0

if [s; — a| < R for all eigenvalues s; of A.

A more general definition which is applicable also for non-analytic
functions uses the Jordan decomposition. Here the function f is re-
quired to be sufficiently smooth with derivatives existing of sufficiently
high order. The matrix A can be written on Jordan canonical form as

A=MJIJM™
for some matrix M and
J 0 0 0
0 J, O 0
J = 0 0 J3 0 ,
: : 0
0O 0 O Jy.
where
N1 0 - 0
0o XN 1 - 0
Ji = .
0O 0 0 - Ai

is the i’th Jordan block. Let p1, ..., tt,, denote distinct eigenvalues of A
and ny,...,n,, the highest orders among the Jordan blocks associated
with the eigenvalues. We suppose that f is defined on the spectrum of
A (sp(A)) with n; — 1 derivatives at the point u; for i = 1,2,... m.
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Then we define

f(J1) 0 0 0
0 f(']2) 0 0
f(A) =M 0 0 f(Jg) 0 .
000
with ” -
f(si) f'(s1) ! 2(!81) e J;((});%L——Ql(()i
fay— | 0 H) ) e
000 f(s)

where s; = p1; for some 1 < 5 <m and p; < n;.

For analytic functions f we may provide an alternative definition in
terms of the Cauchy integral which has the advantage that it can be
easily generalised to more general operators like e.g. infinite dimen-
sional matrices or general bounded operators.

Let A be a bounded operator on a Banach space (X, [|-]|). The term
(2 — A)~! is called the resolvent of the operator and defines the spec-
trum. The spectrum consists of values z € C for which the resolvent is
not a linear operator on the Banach space. Hence all eigenvalues for A
are contained in the spectrum, but in general spectra for operators on
infinite dimensional Banach spaces may be larger than the set of their
eigenvalues. The function of the operator A can now be defined in the
following way.

Definition 2.1. Let A be a bounded operator on a Banach space (X, ||-|)
and let v be a simple closed path which encloses the spectrum of A. If
f is a function which is holomorphic (analytic) on and inside the path
v, then we define

FA) = 5 § FEET - )

All definitions discussed in this section are equivalent when the func-
tion is analytic. The theory of (holomorphic) functional calculus is
treated extensively in [I0], whereas [I1] deals with methods for defin-
ing functions of matrices different to the Cauchy integral.

3. PHASE-TYPE DISTRIBUTIONS

Consider a Markov jump processes { X, };>0 with a finite state space
E={1,2,...,p+ 1}, where {1,2,...,p} are transient states and the
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state p + 1 is absorbing. Then the process {X;};>0 has an intensity

matrix on the form
T t
0o 0 )’

where T is a px p dimensional sub-intensity matrix, t is a p-dimensional
column vector of exit intensities (exit to the absorbing state), and 0 is
a p-dimensional row vector of zeros. The initial distribution of {X;}:>o
is denoted by 7 = (my,...,7m,), where m; = P (X, =), and it is con-
centrated on the first p states, i.e. P(Xg=p+1) =0.

Definition 3.1. The time until absorption
T=inf{t>0] Xy =p+1}
15 said to have a phase—type distribution and we write
T~ PH(mw,T).

The set of parameters (m,T') is said to be a representation of the phase—
type distribution, and the dimension of m, which is p, is said to be
the dimension of the phase-type representation. We also write T ~
PH, (7, T) to specify the dimension of the phase-type representation.

For the present article it is important to mention some basic proper-
ties of phase-type distributions. If 7 ~ PH (7, T'), the density f of 7 is
given by

f(s) = 7 exp (Ts) t.
where t = —T'e and e is a p-dimensional column vector of ones. The
corresponding distribution function is

F(s)=1—mexp(Ts)e.

The sub-intensity matrix T' has eigenvalues with strictly negative real
parts. In particular, T is invertible and we have the following integra-
tion rule

/ exp (Ts)ds =T 'exp (Ts)| =-T"
0 0

Finally we shall make optimal use of the n-th order (n > 1) moment
of 7, which is given by

E(r") =nlw (-T) "e.

For further properties on phase—type distributions, see e.g. [14], [1] or

5.
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4. FUNCTIONAL CALCULUS FOR PHASE-TYPE DISTRIBUTIONS

Let X ~ PH,(w,T), p < oo, and suppose that the weight function
w has a Taylor expansion

w(r) = Z an(x —a)®

with radius of convergence R > 0. For specific choices of w we may
then calculate p,, = E(w(X)).

As a motivation we provide the following example where 1, can be
calculated in a straightforward manner by a power series expansion.

Example 4.1 (cosine and sine). Let w(z) = cos(z). Then

w(z) = ;H)”%,

which is convergent in all R. Since the density of a phase-type distri-
bution is bounded, w(z)m exp(T'x)t has a power series expansion with
the same radius of convergence, which in this case is infinity. Hence we
may exchange summation and integration and we get

E(w(X)) = /Ooow(x)ﬂ'eTxtdx

— (_1)71, > 2n Tz
= Z (2n)‘/0 e “tdx
)

-3 ((;71)' (2n)lm(—T~)?re

= 7r_(I+T_2)1e
= «(-T)(I+ Tz)_1 t.

Similarly, for w(z) = sin(z) we have that

w(z) = ;(—1)nm;

which has an infinite spectral radius of convergence, and proceeding as
for cosine, we get that

E(sin(X)) = w(I + T?)"'t.
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We have now seen some examples of expressing ji,, in terms of 7, T’
and t. The question rises if it is possible to express E(w(X)) in terms
of these parameters for more general (analytic) functions. The answer
to this question is surprisingly simple.

Theorem 4.2. Let w be a function with Laplace transform

L,(s) = / e **w(x)dx
0
that exists for all s > 0. Then
E(w(X)) = wL,(-T)t.

Proof. The Laplace transform is analytic in its domain of convergence,
hence it is analytic in the positive half-plane. The spectrum of —T" con-
sists of a finite number of eigenvalues which all have strictly positive
real parts, so we can find a simple closed path that encloses the eigen-
values. It is located within the positive half-plane. Therefore L,,(—T)
can be defined in accordance with Definition [2.1] and it follows that

Py = 71'/ eT*w(z)drt = wL,(—T)t.
0

t

Theorem 4.3 (sine and cosine transforms). Let X ~ PH,(w,T) with
density f. The sine and cosine transforms for X (or equivalently f),
defined by

f(u) = E(cos(uX)) = /0 " (o) cos(uz)da
fs(u) = E(sin(uX)) = /000 f(z) sin(ux)dx

respectively, are given by
folw) = w(=T) (W T+ Tt and fi(u) = umw (Wl +T?) 't.

Remark 4.4. Please note that we recover the results of Example
with u = 1.

Proof. The Laplace transforms of sine and cosine are respectively given
by

¢ 1
_t d Lo(t) = .
1+ M O =177

Lsin <t> =
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Hence

fs(u) = /OOO meT™t sin(ux)da

o 1
= / weT*/ " — sin(z)dx
0 u

1
= —mLgn(—T/u)t
u
= um(u’I+T% 't
The argument regarding fc is entirely similar. U

Another important weight function is the fractional power, and is
closely related to the Mellin transform.

Theorem 4.5. Let X ~ PH(w,T). Then the Mellin transform of X,
Mx(a) = E(X*) = / s tweTstds,
0
which exists at least for a > 0, is given by
Mx(a) =T(a)w(=T) % = T'(a)w(—T) *"e.

Proof. Consider the Laplace transform

L(«) —/ v e " dy
0

with s > 0. This integral is convergent for & > 0 so we conclude that L
is analytic in the half-plane {z € C: Re(z) > 0}. Therefore the result
follows from Theorem and the fact that the Laplace transform for
x% is given by T'(av + 1) /%1

O

Example 4.6 (Mellin, sine and cosine transforms of a phase—type
distribution). Let X ~ PHy(m,T'), where

m=(10), T:<_01 _12> and t:(g>.

By the Theorem [£.5] the Mellin transform of X is given by
Mx (o) =T'(a)7(U)t,

where U = —T~!. In this case we have that
1
U = 2
1
0 3

with spectrum sp(U) = {1, 5}.
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[ [ g
! |
2

FIGURE 1. A path surrounding the spectrum of U.

Now we calculate U® for o > 0. For this, we choose a closed simple
path ~ which encloses the spectrum of U and for which the function
f(z) = 2%, «a > 0, is analytic on and inside v (see Figure [l| for an

example).

Hence by the Cauchy integral formula for the matrix U we get that

Since

we have that

U =

1
U= _— ¢ 2%(zI - U) dz.
2 J,
-1
L 1 1
SR | zm1 =D
2 )
0 z—2 0
2 2z —1

1 z% 1 2
—7{ dz —j{ dz
2mi J, 2 —1 2mi J, (2 —1)(22 — 1)

1 2z¢
0 —_— zZ
21 5 2z —1
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Then, using the residue theorem, we solve the integrals in the matrix
U obtaining

1 (6% (0%
— : dz = Res( : ,z:l)zl,

271 72—1 z—1
1 24 z¢
— dz = R =1
2m'f€(z—1)(2z—1)z €5<(2—1)(22—1)’Z )
z¢ 1
R ==
+ es((z—1)(2z—1)’z 2)
= 1-27°
1 2% 22% 1
— : dz = Res : J 2= =
271 722—1 2z —1 2
= 27

where Res(h,x = a) refers to the residue of the function h at a. There-

fore
e (1 1-2
U _<O 2—(1 )a

and we can finally calculate the Mellin transform for X as
Mx(a) = Da)w(U)t

= T(a)(1 0)((1) 15_2;))(2)

= 2(1 =271 («).
Observe that if # = (5 3 ) then Mx(a) = I'(a). See [§] for a

2 2
calculation using power series expansion.
The sine and cosine transforms are readily calculated for the present

case to be

A ou
fotw) = (W2 + 1)(u® + 4)
fuwy = 22w

(w? +1)(u? +4)

A plot of fs and fc are given in Figure . The cosine transform is
negative for some arguments u. It may go from positive to negative
arbitrarily often. In fact, if f would be the Dirac delta function at the
point a, then the cosine transform would be cos(ua), which crosses the
real axis infinitely often. Since we take a sequence of Erlang distri-
butions which converges in law to the degenerate distribution at some
point a, it follows that the cosine and sine transforms may change signs
arbitrarily (though finitely) often.
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06
1.0

02 03 04 05
0.2 0.4 6 0.8

0.1

0.0

0.0

FIGURE 2. Sine (left) and cosine (right) transform of
the phase-type distribution of Example [4.6

O

Example 4.7 (Mellin, cosine and sine transforms of an Erlang distri-
bution). Let X ~ PH,, (7, T), where

A A 0 - 0
0 —A A - 0
m=(10 - 0), T=| 0 0 =X - 0 |

o
o
=y
o

|
>

0
and t = :
A
The density for X is given by ?E;L)l A"exp(—Ax), and is known as an

Erlang distribution. It is the convolution of n independent exponential
distributions with the same intensity A. The Mellin transform for X is
readily obtained by

o1 K>Ia71+n71 .
E(X*™) = /0 W)\ exp(—A\x)dx
L(a+n—1)

I'(n)
The calculation via the phase—type representation is somewhat longer,
but instructive for general purposes. We present the argument in the

A—a+1
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following. To calculate the Mellin transform we need to obtain U*“.
Recall that

1
U®=_— ¢ 2%(zI - U) dz.
21 -
Since
A A D P
22—1 A(za—1)% (z2A—1)° GEA—1)"
0 by by L Zn73)\n72
Z2A—1  (z22—1)2 (za—1)""1
-1 n—4yn—3
I-U) " = A 2T
( ) 0 0 4 B
A
0 0 0 T
we get that
1 2%\ 1 2\ 1 zotn—2)n—1
i §y 5192 5 §, e e 8 ooy de
1 2N 1 Zoz+n73)\n72
0 27 §'y z)\—ldz U om §'y (z)\_l)"*l dz
U® = AU S G S s
0 0 2mi 567 A1) 2 dz
1 2%\
0 0 g $ 5orde

Now, to simplify the last matrix we will start solving the integral which
is in the diagonal, that is
1 2%\ Az
dz = li D N P e—
omi f A — 1 LHi(Z ) e 1)

«

= lim 2z

1
Z=

=\
The rest of the integrals can be written like

1 =1\
ST N g =12 -1
2mi J, o (2A = 1)
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Let fj(z) = 2 (;\J__ll));ﬂl Then with

we obtain that

1 (ras
Res (fj,z—x> L j!(/\)
(a+j—1(a+j—-2) -«

e ’

where ¢ (-) denotes the j’th derivative of ¢.
Finally, we have that

lata(a+1)--- ﬁ[a(a—{—l)---(a—i—n—Z)]
01 a ---ﬁ[a(a+1)---(a+n—3)]
U® = ! 1
00 0 1
Therefore

ala+1)--(a+n—2)

MX(Oé) = F(Q))\_(a_l) (n—l)'

Mla+n—1)
I'(n)

Next we consider the sine and the cosine transforms. Regarding the
sine transform (given in Theorem {4.3)), we need to calculate

(I +T) ' = (ul —iT)(ul +iT)

)\704+1

where i2 = —1. Since
U — N\ Al 0 e 0
0 U — N\ Y 0

ul +iT = 0 0 u—A .- 0

0 0 0 e u— A
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we have that

1 —Ai (M) n—1 ()"t
u—Xi (u—Ai)2 (u—ri)> (1) (u—Xi)™
1 Y n—2_()""2
0 o= @owr (=1) (u—x)" 1
- -1 _ n— i n—3
I+ =1 0 0 Hy - ()75
1
0 0 0 u—Xi
Using (ul —4iT)™' = —(—ul +iT)"" we get that
1 i (CY) S 0¥ S
utAi (utAi)? (u+Ai)3 (utAi)n
0 1 N _Qa)rn?
utAi  (uti)? (ut-Ai)n—1
— 9 -1 — 1 ()\i)n73
(ul —<T) 0 0 utNi ()2
1
0 0 o -- T

In order to calculate the sine transform we only need the (1,n)'th
element of the matrix A = (ul + T?)~!, which amounts to

N O i
ain = Z( 1) (

w— i) (u+ Ni)nitl

n—1 - j—1 1
= ()\Z) jzl(_l) (u . )\i)j(u—i- )\i)n_j+1
)& Ry
(U2 + )\Q)n — (U - )\Z) ( u /\Z)

(A)" 1 (u— i)™ — (—u — N\i)"
(u? + \2)n 2u '
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By the Binomial theorem, we then get that
fs(u) = um(u*T+T*H "t =u-a,\

28]

n 9 e
> ( 2j + 1 ) (=1yurinm

=0

(u? + \?)"
The cosine transform is obtained in a similar way noticing that
fo(u) = w(WT + T?) " 'T%
and that
0
T?e = ()
—)\2
)\2
so only the elements ay,, and a;,_1 are used in the formula. It is then

not difficult to see that

[*5]- (5]

n 1N\j,,27 \2n n—1 NG 0,271 2(n—1)
> <2j+1>( Ly uA Z<2j+1>( LYuA

fC(u = -=

A~ j=0

(U2 +)\2)n (u2 +)\2)n—1
O
The Mellin transform is often used to derive distributions for pro-
ducts of random variables. Indeed, if X and Y are independent random

variables with Mellin transforms My (s) and My (s) respectively, then
the Mellin transform of XY is given by

Mxy(Oé) = Mx(()é>My<()é).

Theorem 4.8. If X ~ PH(wx,Tx) and Y ~ PH(wy,Ty) are inde-
pendent, then

MXy<Oé) = F(CY)Q (7TX X 7Ty) (TX X Ty)ia (tX X ty) R
where as usual tx = —Txe and ty = —Tye.

Proof. By independence of the variables X and Y and the relation
UV)® (MN)=(U®M)(V ® N) we obtain

Myy(a) =T(a)* (mx @ my) ((=Tx) ™" @ (=Ty)™) (tx @ ty),
so it is sufficient to prove that
(—Tx) @ (-Ty) = Tx®@Ty) ",
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or equivalently,
UgoUy = (Ux @ Uy)”,

where Uy = —T5' and Uy = —Ty'. Since the real parts of the
eigenvalues of a sub-intensity matrix T are strictly negative, it is clear
that the eigenvalues of U = —T~! have strictly positive real part.

Hence the sum of the arguments of any two eigenvalues of Uy and
Uy must be in (—m, ), (see Appendix). This ensures that all matrix
logarithms and their sums that appear in the following are principal
logarithms (see [11], p. 270).
Writing
U2 = exp (alog (Uy)), Ug = exp (alog (Tv)),
where log(+) is the principal logarithm (see Appendix), we have
Uk @ Uy =exp (alog (Ux)) ® exp (alog (Uy))
=exp (a (log (Ux) & log (Uy))) ,

so we only need to prove that
log (Ux) @ log (Uy) = log (Ux @ Uy).
Since
log(Ux)® I =1log(Ux®1I),
and
I®log(Uy) =log(I®@Uy),
and since the matrices are commuting, it follows that

log (Ux) @ log (Uy) =log (Ux) ® I + I ® log (Uy)
=log (Ux ® I)+log (I ® Uy)
=log (Ux ®@I)(I ® Uy))
=log (Ux ® Uy),
where the next to the last step is obtained from Theorem [6.6] O

We now derive an expression for the representation of the n’th order
moment distribution of a phase—type distribution using the method of
functional calculus. The representation was originally derived in [7].
The proof we present here is constructive the original proof being an
analytical verification ot the claim. The following argument shows the
potential of the functional calculus.

Let X ~ PH, (7, T). Consider the density

" mweTt

fa(z) = T
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of the n’th order moment distribution of X with u, = E(X") =
nlmw(—T) "e being the n’th moment. Let

)\ _ )\k k—1_ —)Xz
erg(z; A) = (=] 1)!513 e

denote the density of the k’th order Erlang distribution, i.e. the density
of the distribution which is the convolution of k independent exponen-
tial distributions. Then we can write er(x; s) as

-s s 0 -+ 0 0

0 —-s s --- 0 0
el"k<l'; S) = (1a07 U aO) eXp . . . : z : ’

0 O 0 --- =-—s S

where the dimensions of the vectors and matrix involved are k. Since
z — erg(x; 2) is an analytic function in positive half-plane, we then get

x"mwelTt

fn(x> = 1

™ n
= —=zae
[in
= Iul(—T)_"—ln!ernH(x; -T)t
= (7)™ Y(1,0,...,0) x

fin

T:Dt

T -T --- 0 0
o 7T --- 0 0

0 0 - T -T

— 0.---.0
(rT”e” ’)exp SR S

o o .- T t

=
!
=
=

where the vectors and matrix involved are (n + 1)p-dimensional (n+ 1
blocks of size p each). The representation is a matrix—exponential one,
which only in special cases is also a phase-type representation (in terms
of a sub—intensity matrix). For phase—type representations in terms of
a sub—intensity matrix, see [7].



18 BLADT, CAMPILLO & NIELSEN

5. SOME EXTENSIONS

By proving Theorem [£.2] we did not make use of the underlying
probabilistic structure of the phase—type distribution, but only the fact
that the density can be written as 7 exp(T'z)t and that the eigenvalues
of T have strictly negative real parts. Hence Theorem[4.2]can be proved
for any distribution which have a density on the form

f(z) = ae’s

for some row vector «, column vector s and matrix S such that all
eigenvalues for S have strictly negative real parts. Such distribu-
tions are referred to as matrix—exponential distributions. The class
of matrix—exponential distributions contains the class of phase—type
distributions but is strictly larger.

A non-negative random variable X has a matrix—exponential distri-
bution if and only if it has a rational Laplace transform on the form

p1s" 4 pes" 4 - 4 py
ST+ s+ qs" 2+ g

L(s) =

The Companion matrix for the monic polynomial (i.e. one where the
leading coefficient is 1) q(s) = 8" + ¢18" ' + 25" 2+ - - - + q,, is defined
by

0 1 0 0 ce 0
0 0 1 0 ce 0
0 0 0 1 0
Co=| . . . L
0 0 0 0 s 1
—qn —Gn-1 —Gn-2 —Gn-3 - —q1

and it satisfies that p(s) = det(sI—C(q)), where I denotes the identity
matrix. In [2] it was proved that X has a density on the form

(1) fx(z) = pe€Wre,,

where p = (pn,Pn1,---,p1) and e, = (0,0,...,0,1). Here we give a
short proof which makes use of functional calculus in the conclusion.
First we prove that

Lx(s) = p(sI - C(q)) e,
By Cramérs rule,

_,adj((sI - C(q))
(I =ClO)) = 56T = Cle)
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where adj denote the adjoint of the matrix, which is the transpose of
the co-factor matrix K = {k;;} defined by

ki = (_1>i+jdet((3I - C@))—L—j)a

and where (sI —C/(q))_; —; denotes the matrix that results by removing
row ¢ and column j from the corresponding matrix. We now calculate
the n’th column in the adjoint matrix, which is the n’th row of the
co—factor matrix. This co—factor matrix has the form

s -1 --010 0 --- 0

0 s 030 0 0

0 0 s'0 0 0

00 -0 —-110 - 0

00 ---0,s —1 0
3

00 - 00 0 1

Its determinant is s~ '(—1)""" = s~1(—1)""" so the (i,n)’th element
of the adjoint is given by
adi(sT — C(@))in = (— 1)1 (1) = 571

Then the n’th column of adj(sI — C(q)) is (1,s,...,s" ). Hence, by
the form of p and e,, we conclude that

p(s) = p adj(sI — C(q)) e,
so that
p(s) _ padj(sI — C(q)) en
q(s) det(sI — C(q))
All singularities for (sI — C(q))~! (the eigenvalues of C(q)) are poles
for Lx(s), so the inverse Laplace transform may be calculated as a
contour integral enclosing the poles. Let v be closed simple contour

enclosing the poles. Then the density for X is given by the inverse
Laplace transform
1 1
ulo) = gz f L)tz = (5 f (T - Ola) iz e
and by Definition [2.1] the integral is simply exp(C(g)z) so

fx($) _ peC(q)zen

as was to be proved. This representation is referred to as the canonical
form a matrix—exponential distribution.

Lx(s) = =p(sI —C(q)) 'e,.
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Many results which are valid for phase-type distributions also hold
true for matrix-exponential distributions (see e.g. [2] and [6]). Cer-
tainly all results proved in Section[dare valid also for matrix—exponential
distribution, and with unaltered proofs.

Example 5.1 (Mellin, sine and cosine transforms of a Matrix—expo-
nential distribution). Consider the distribution with density

f(z) =2e7%(1 — cos(x)).
This is a matrix—exponential distribution which is not of phase—type
since the density fails to be strictly positive everywhere (see [15] for a
characterisation of phase-type distributions). Its Laplace transform is
given by

2
L(s) = ,
() s34+ 352 +4s+ 2

and by we may write f on the form f(z) = we€e; with

0 1 0 0
m=(200), C=[ 0 0 1 and e3= | 0
-2 -4 -3 1
Then
2 3/2 1/2
U=-C'=|-1 0 0
0 -1 0

has eigenvalues 1, 3 —1i and 1 +3i, and the resolvent R(z) = (2I-U)~!
is given by
1 222 3z-1 z
5.5 — 1.2 1 —2z 222 -2z -1
SRR 2 4-2 2:2—42+3

R(z) =

Then for any suitable path + enclosing the eigenvalues and such that
x® is analytic on and inside 7 (similar to Figure (1} ),
1
U“=— ¢ 2°R(2)dz.
2mi J,
Since the Mellin transform is given by I'(a)wU%e3, we see that only
the entrance (3, 3) of the matrix U matters. We have that
1 z

a = fe? d
337 oy 72 223 — 422 +32—1 %

and by means of the residue theorem we finally obtain that

M(a)=5 (1 — 2792 cos (%a)) I'().
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The sine and cosine transforms for the matrix—exponential distribution
in this case are given by

A B 2u(4 — u?)
folu) = ub + ut + 4u2 + 4’
2

ub + ut 4 4u? + 4

Example 5.2 (Multivariate phase-type distributions). Consider a Mar-
kovian Arrival Process (MAP) with generator @ = C + D and initial
distribution 7, where C' denotes sub—intensity matrix of jump rates
which are not accompanied by arrivals while D contains the jump
rates accompanied by arrivals (see [12, [13]). The MAPs are dense in
the class of point processes on the real axis ([4]) and the joint density
of the first n inter—arrival times X1, ..., X,, is given by

f(iﬂl, ey $n) = 1 DeC?2 D . .. D€ De.

The joint fractional moments may now be calculated as follows. For
simplicity we let n = 2. Then

E(XMX52) = / / 21y f (2, y)dedy
0 0

= 71'/ (/ xo‘lecxd:v> Dy*2eCYdyDe
0 0
= T (/ xalecxdx) D (/ y”ecydy) De.
0 0

Since all eigenvalues of C have strictly negative real parts (the arrivals
are easily seen to be marginally phase-type distributed) we then get
from Theorem [£.5 that

E(XMX$?) =n(-C) " 'D(-C)* ' De.
This formula immediately generalises to n dimensions as
E(X{X52 - X) =m(-C)" " 'D---D(—C) “"'De.

A further generalisation to Rational Arrival processes (see [3]) is im-
mediate, which provides a class of multivariate matrix—exponential dis-
tributions. For both classes of multivariate phase-type or matrix—
exponential distributions, the multivariate Mellin transform is hence
defined and given by

M(ay,...,an) = E(XM ... xonh
= 7(-C)™™D-.-D(-C) " De.
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Example 5.3 (Infinite dimensional phase-type distributions). Let Z
be a random variable with a distribution {m;};eny concentrated on IN
and let X ~ PH(a,T) be independent of Z. Define Y = ZX. For
j €N, jX ~PH(a, T/j) and the mean of X is of course j times the
mean of X. This means that by realising Y we essentially obtain a tail
which is dictated by {m;} and a main body of the distribution given by
the phase—type distribution. For details on the asymptotic behavior
we refer to [8]. Tt is clear that the density of Y can be written on the
form

— § e/
fr(y) 2 mioe ;

In [8] it was further shown that fy(y) may be seen as an infinite di-
mensional phase-type distribution
fY(y) = <7T ® a>esys7

where 7 = (my,mg,--+), S is the block diagonal matrix with the i’th
block being T'/i and s = —Se, and where e is an infinite dimensional
column vector of ones. The Mellin transform of Y = ZX is given by

My(0) = Mz(0)Mx(0)

= (Zmie_l)/ 2 aeTtdx
, 0

=1

For example if {m;} is the Riemann—Zeta distribution (also called the
discrete Pareto distribution) given by

=P

¢(8)

for some § > 0, then the Mellin transform of Y exists only for argu-
ments § < . This was of course to be expected due to the heavy tailed
character of the Riemann—Zeta distribution. O

T, =
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6. APPENDIX

Definition 6.1. Let F be a field, such as R or C. For any matrix
A = (a;;) € F*™™ and B € FP*9, their Kronecker product, denoted as
A ® B, is defined by

A®B = (a;B)

allB algB s &1nB
= am'B a22'B o aZ’fB c F(mp)x(ng)
a/mlB amQB ce e a/mnB

Some basic properties of Kronecker product are as follows

Lm ® A = diag (A, A, ..., A).
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If m = (ay,as,...,ay) and t = (t1,1q,...,t,), then
it =73t

The next two theorems establish important commutative properties
of the Kronecker product.

Theorem 6.2. Let A € F™*" gnd FP*? then
A®B = (A ® Ipo) (Imxm ® B) - (Ime ® B) (A ® Iqu) .

This means that I,,,xm @ B and A ® Iy, are commutative for square
matrices A and B.

Theorem 6.3. Let A € F™*™. If f(2) is analytic function and f(A)
exists, then

f (Inxn ® A) = Inxn ® f (A) )
f(A ® Inxn) = f(A) ® Ipxn-
Definition 6.4. The Kronecker sum of A € F"™*™ and B € F"*",
denoted as A @ B, is defined by
APB=A® I, + I,xm @ B.
Theorem 6.5. Let A € F™*™ and B € F"*". Then
exp (A @ B) =exp(A)®exp(B).

For any two matrices A and B which commute it is known that
for eigenvalue A for A there is an eigenvalue p for B such that A + p
is an eigenvalue for A + B (see [11]). The eigenvalue p is called the
eigenvalue corresponding to .

The principal logarithm of a matrix A, X = log(A), is defined as
the unique matrix X for which exp(X) = A and —7 < Im(A(X)) < 7.

Theorem 6.6. Let A, B € C"*" commute and have no eigenvalues in
R~. If the eigenvalues \; of A and the corresponding eigenvalue p; of
B satisfies that
larg A\; 4 arg pu;| <,
then
log (AB) =log (A) +log (B).
Proof. Since A and B commute then log(A) and log(B) are also com-
mutative, and
exp(log(A) + log(B)) = exp(log A) exp(log B) = AB,
so log(A) + log(B) is some logarithm of AB. Since
Yy

Im (log(A;) + log(py)) = arg \; + argp; € (—m,m),
then log(A) + log(B) is the principal logarithm of AB. O
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For further details on Kronecker products and sums we refer to [9]
or [17].
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