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Components - A General Approach
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Abstract

In a previous paper we demonstrated that the well known matrix-geometric solu-
tion of Quasi-Birth-and-Death (QBD) processes is valid also if we introduce Rational
Arrival Process (RAP) components. Here we extend those results and we offer an
alternative proof by using results obtained by Tweedie.

We prove the matrix-geometric form for certain kind of operators on the stationary
measure for discrete time Markov chains of GI/M/1 type. We apply this result to
an embedded Markov chain modelling a queue with RAP components. We also
discuss the straightforward modification of the standard algorithms for calculating
the matrix R in the traditional QBD framework to this extended environment.

Finally we present examples demonstrating great reductions in dimensionality
from the traditional QBD framework to the QBD — RAP framework.
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1 Introduction

Neuts [18] introduced the matrix geometric solutions to queues with components of phase-
type (PH) distributions and the versatile arrival process, later streamlined as the Markovian
Arrival Process (MAP) [15]. Lipsky and coauthors [12, 13, 14] and later Asmussen and
Bladt [2] showed how the PH formalism generalises into a Matrix—Exponential (ME) form
with similar analytic expressions albeit without the probabilistic interpretation of sojourn
times in finite state Markov chains. PH distributions belong to a strict subclass of distri-
butions with rational Laplace transform [8], which were later shown to be equivalent to the
class of ME distributions [12, 13, 14]. Bladt and Neuts [6] discussed an interpretation of ME
distributions as flows leading to a possible way of extending the field of Matrix-Analytic
Methods (MAM) to models involving ME-distributions.

The extension of the MAP to Rational Arrival Processes (RAP) was given by Asmussen
and Bladt [3]. They also showed that the class of RAPs was the class of all point processes
where a time-shifted version varied in a finite-dimensional space. See also Mitchell [17] for
related work.

In [4] we showed how to generalise the method of Ramaswami [24] to the setting of a cer-
tain bivariate Markov chain, the most important sub-model probably being the RAP/ME/1
queue. Thus in that paper we showed how to extend the most modern MAM arguments
to queues with RAP components. In this paper we provide an alternative proof that
can be applied in a more general setting. Tweedie [27] showed how the MAM formulas in
discrete time extend to cases with general phase state space turning the non-linear matrix—
polynomial equation into an operator—polynomial equation. To our knowledge this work
has only had limited applications so far, see Sengupta [25], Nielsen and Ramaswami [20]
and Breuer [7] for examples.

In [20] Nielsen and Ramaswami demonstrated how the operator equation turns into
a Neuts—type matrix equation, see e.g. [18, 19], when the underlying operators can be
represented by a countable set of basis functions. The examples of Nielsen and Ramaswami
might be considered somewhat contrived. Nevertheless, that paper demonstrated how a
linear structure in the operator might transform into a matrix—polynomial equation. The
equivalence of the RAP to the class of point processes on a finite-dimensional space and
the linear nature of the RAP construction, gives hope that the operator—polynomial form
will translate into some form of matrix—polynomial equation too.

In this paper we show that this is indeed the case. In contrast to Nielsen and Ra-

maswami [20], where the measure itself had a linear expansion, we use a kind of operator



linearity. We consider an operator (I'), that maps measures to some vector space, such
that I' can be considered a descriptor of the measure. We then consider operators IT map-
ping measures to measures in such a way that the effect on the descriptor I' is a linear
function, identifying a matrix P, characterising the operator II. We then show how to
obtain the value of the operator evaluated at the stationary measure without explicitly
calculating the stationary measure. This is done by solving a matrix equation similar to
the well-known matrix equation of the standard MAM setting. In doing so we establish
a general framework in which the work by Nielsen and Ramaswami (linear expansion of
the measure) and our work on queues with RAP components (linear nature of the RAP
construction) both turn out to be special cases.

In Section 2 we set up the terminology and present the concept of an operator being I'-
linear, that is linear with respect to a descriptor I', that maps measures to a vector space.
In Section 3 we apply this concept to the results of Tweedie for Markov chains of the
GI/M/1-type structure, where the phase variable takes values in some general space. Now
the work of Nielsen and Ramaswami arises as a special case of these more general results.
We then move on to show how to make an appropriate formulation for queues with RAP-
components in Section 4, where the operator I is the expectation operator. Specifically, we
apply the theory to the GI/RAP/1 queue and the QBD with RAP-components. This latter
queue was the topic of our previous paper [4]. In Section 5 we present our examples. These
have been carefully chosen to demonstrate two main points. First, that such analysis is
correct and the algorithms appear to be numerically stable. For this reason we have chosen
examples where the representations of the underlying distributions are genuinely ME of a
given order (and not PH of that order), but for which there exist PH representations using
higher orders. This enables us to analyse the models directly using the theory contained
in this paper and to cross-check these results with those attained using the traditional
analysis involving the (larger) PH representations. Second, we consider a sequence of
such examples, where the equivalent PH representation requires increasing order. This
demonstrates the potential computational savings of being allowed to use the more compact
ME representations and allows us to give an initial demonstration of the numerical stability
of our approach, even as the underlying distributions leave the class of PH distributions.
In Appendix A we develop these example processes and distributions from first principles
and include detailed explanations of how they were created with the desired properties.
We hope that these may become standard examples for future work in this area.

We delay the consideration of M/G/1-type structures with RAP components to future



work.

2 Operator Linearity

In this section we introduce the general framework, which is a Markov chain on the state
space Ng x J, where Ny = {0} UN and N is the natural numbers, and J is a general
measurable space. In turn we define a certain property (I'-linearity) of operators that map

measures on J to other measures on J.

2.1 Simple properties of operator linearity

We consider a set J equipped with a o-algebra J and denote the set of signed finite
measures on (J,J) by M. Of particular importance is the subset M, C M consisting of
the measures with total variation at most 1. Next we define the set of operators (kernels)
that take an element of M, to M, and denote that set by PP, such that IT € P : M, — M.
The operator II is defined through its kernel II(z, .J), as II(p)(J) = I3 @(dx)TI(z, J), where
x e Jand J € J, l(x,J) is such that II(z,-) is a measure for each z € J, and II(-, J) is
measurable in J for fixed J. We then define the set G of linear continuous operators on
M* € M taking values in some real or complex, normed vector space V with a countable
basis, such that I' € G : M* — V. Of course I' might be defined and linear for all ¢ € M,
in which case we can take M* = M. Thus an operator I is a descriptor that extracts some
characteristic from a signed finite measure p € M*. We will take special interest in the

restriction of I' to I\\/JI; = M, " M* of measures of total variation at most one.

Definition 1 An element Il € P is said to be U-linear with respect to M; Cc M, if
IT: My — M7 and T'(I1(p)) :AF(go)P, for all ¢ € M, for a unique matriz P. Whenever
M = M, we simply say that 11 is I'-linear.

Without loss of generality, we can choose V;, the image of M; in such a way that the

matrix P is unique. To see this, suppose that P, and P, are two matrices such that

A

I'(II()) = T(p) P, and T(I1(p)) = T(p) Py, for all ¢ € M. Therefore, I'(¢) Py = I'(0) P,
for all p € M and so P, — P, maps all vectors in I'(M) to the zero vector. Consequently,
we can redefine the vector space V7 in order that P is unique. Some care is needed in

doing this when more than one I'-linear operator isconsidered simultaneously.



Lemma 1 If f[l € P and ﬁQ € P are both I'-linear with respect to M; with matrices P
and Py respectively, then I1 = TI,(IL;) given by the kernel I1: TI(¢)(-) = IE o(dz)(z, ) =
I7 fJgo(da:)fll(a:, dy)Iy(y, -)) is D-linear with P = P, P;.

Proof: For any ¢ € M

WﬂWNDZF(GAmM@EWAwE@J>=F<éw@wmwﬁ>,

where v(-) = [ ©(dz)IT; (z,-). Thus by the D-linearity of II,, we have

L(IL(IL () () =T(v(-) R =T </J] p(da)IT (z, ')) Py =T(p(:)) PP,

by the I'-linearity of IL,. [

2.2 Level-partitioned discrete-time Markov chain with a general
phase space J

We now consider a Markov chain X,, = (L,, J,) in discrete time on the bivariate state
space (Ny x J), where J is some general measurable space. We have chosen to use the
symbol J to describe the second component of the state, which we will call the phase

throughout. The block-structured matrix

]E’oo(an J) ]?01(% J) Poa(z,J)

. Pio(x,J) Pu(z,J) Pz, J) ...
P(LE,J)I pQQ(I,J) pgl(l',J) ﬁgg(ﬂf,]) ’ <1)

is the transition kernel of X,,, that is, P(Ly41 = J, Jpnt1 € J| Ly =1, J,, = ) = P, j(x, J).
Here x € J and J € J is any measurable set in the o-algebra J imposed on J. For a dis-

cussion of Markov chains on a general state space, see the book by Meyn and Tweedie [16].
Obviously the lf’” define fI” € P by

A

fly(@)() = [ )Py, )

Let K denote the set of signed finite measures on Ny X 7 and K,, denote the set of measures

of total variation most 1 on Ny x 7. It follows that P correspondingly defines II : K, - K,,



with ¢ = (@0, 1, 92...) € Myyxg, by

ﬂ(SO) = (Z ﬂz‘,o(%’)a Z ﬂi,l(%’)a e )

- (S fptarnuten 3 f siaiuien...)

Lemma 2 Let ¢ € KJ C K, be a measure of total variation at most one on (Ng x J)
with components p; € M; C M, that are themselves measures of total variation at most
one on J. Define I'(p) as the infinite vector of I operating on the components of e, such
that T(¢) = (Do), T(1), - .. ). Now if Il is D-linear with respect to M with matriz P;;

for all (i,7) then 11 is D-linear with respect to K with matriz

Po Por Py
p_ Py P P
| Pao P P

Proof: The result follows directly from the linearity of I' and the I'-linearity of f[” with

~

respect to M. Consider the jth element of I'(II(¢)) given by T (Z;’io ﬂ”(gpz)> Then

r ( ﬂzg(%)> = T <Z ﬂw(%)) + I ( Z ﬂu(%))

i=0 1=0 i=N+1
N 0
= r <Hz‘,j(%)) +I ( > Hz‘g‘(%)) ,
1=0 1=N-+1

for any positive integer N, due to the linearity of I'. As I' is linear and continuous, it is
also bounded [9, Theorem 3.1, Page 44]. Thus T’ (Z;’iNH fIZ](cpZ)> vanishes for N — oo.
By taking the limit of the right-hand side, we then have

I (i ﬂz‘,j(%)> = ir (ﬂi,j(SOi)) :



Now we can use the I'-linearity of the f[” with respect to M to show that

F(ﬂ(<P)) = F(ﬂ ﬁi,O(%’)) 7F<‘ ﬂi,l(%’)) a)

=0 1=0

— ZF(gpi)Pm, L(pi) P, - ) =T(p)P,

[e.e]

i=0
where convergence of the sums are ensured by the continuity of I' and the boundedness of

P. |

2.3 Generalisations needed to cope with complex boundary be-
haviour

In many applications it is convenient to operate with a different state space for the phase at
the boundary. This poses no real change to the essential arguments, however, it complicates
notation a little. We introduce the general measure space (J,, Jo) and the corresponding
operator I'y mapping from M} to some real or complex, normed vector space Vo with a
countable basis, to describe the behaviour at level 0. We shall also need the mappings
Mo © M, — M and I : M, — M, for all i > 1. Now Ilinearity of IIy; and IL
means the existence of unique matrices Py; and P;y such that F(ﬂOi(@o)) = T'o(v0)Poi and
To(Iio(¢)) = T(¢)Py, for all i > 0. Usually, for this to be meaningful in a practical
context, the spaces J, and J would have somewhat similar structures as for instance being
subsets of different Euclidean spaces, and similarly, I'y and I" would be somewhat related
operators such that the definition of I' on M would lead naturally to the definition of I'y
on M . We shall see that this will indeed be the case when we deal with our main example

in Section 4.

3 Tweedie’s operator geometric results

Tweedie [27] considered kernels of the type in (1) with a special structure, that has been

termed GI/M/1-type by Neuts [18]. Here P; = A; ;;, for 0 < j < i+ 1, P; = 0 for



1+1< j and pi,() = Bi+1. Thus

Bi(x,J) Ag(z,J) 0 0
_ By(z,J) Ay(z,J) Ao(z,J) 0
P, J)=| g Ao(a, J) Az, J) Aglz, )

Tweedie showed [27, Theorem 2], that an invariant measure p(-) = (po(+), pa(+), . ..) of the
Markov chain X,, = (L, J,) is of the form

piv1(J) = [Hﬂi(d$)s($a J), (2)
where the kernel S(z,.J) is the minimal non-negative solution to
S =Y [ S dn) Aty ), ®)
=07
and the kernel S7(z,.J) is the j-th iterate

@@ﬂzé@l@wﬁ@ﬂ

The measure p(+) at level zero, subject to normalisation, can be found from
o) =3 [ [ noldn) =" o. y) By (0. 1), ()
j=1

where, from Proposition 1 of Tweedie [27], >°°, g S9Nz, dy)B,(y,J) = 1 for all z €
J. Tweedie considers the ®—irreducibility condition, see for example [26]. The stability
criterion is primarily discussed when one has Bj, = S A;, in which case [27, Theorem

5] positive recurrence of the ®@-irreducible Markov chain is guaranteed when

/Jl/(dx) ikflk(x,q]]) > 1,

k=0

where /() is the unique ®-irreducible measure of A(x, J) = > 22, Ax(z, J).



3.1 Complex boundary behaviour

The boundary behaviour at level 0 is sometimes such that the entrance from level 0 to

level 1 can not be described by the kernel Ay(z,J). In that case the usual structure is

By(z,J) Bolz,J) 0 0 0

By(x,J) Ay(z,J) Ag(z,J) 0 0
P(x,J) = | Bs(x,J) As(x,J) Ai(x,J) Ao(z,J) 0

B4(£L’,J) /ng(x,J) Ay(z,J) Ai(z J) flo(:v,J)

It is straightforward that (2) is still valid for ¢ > 1 while (4) needs minor adjustments and

an additional equation is needed.

() = /Juomx)&(x,mZ /J /J () (2, dy) B (. ), (5)

() = /J po(de) B, 1)+ Y /J /J i (02) §9 (2, dy) Ay, 7). (6)

From here on we deal with this more general structure.

3.2 Operator linearity of Tweedie’s flz and BZ kernels

As part of the proof [27, Theorem 2] Tweedie introduced the sequence of kernels S;(z, J),
with

Sofw. ) =0, Salwd) = Y [ St Aty D). 20
k=0

and showed that lim;_ S’i(a:, J) = S’(x, J) with S’i(x, J) < Siﬂ(x, J). We define S, S‘k,
and A}, to be the operators associated with the kernels S, S;, and Ay, respectively. We then

have the following important result.

Lemma 3 If for allk > 0 the Ay, are D-linear with respect to Ml with matriz Ay, then all
elements of the sequence S; are T-linear with respect to M. The matrices S; corresponding

to S; are given by the (equivalent) matriz sequence

o0

So=0,  Sp1=)» SFA, i>0.
k=0
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Proof: We have T'(Sy) = 0 due to the continuity of . Now Sy is I-linear with respect to
M; with matrix Ay as S; is identical to Ay. We continue similarly to the argument used

in the proof of Lemma 2.

T(Si1(9) = i::F(A’“ (Sk >>
_ ZSkAk+k%;r1F<Ak< )))

The last term can be bounded by

> r(a () < 3 ()

kE=N-+1 k=N+1
< 3 i sr0) <101 3 (s
k=N+1 k=N+1

and we see that > ° ., Ay <5’f(gb)> vanishes as N — oo. The induction hypothesis
completes the proof. ]

We are now ready to state our main result.

Theorem 4 If for all k > 0 the A, are D-linear with respect to M with matriz Ay, then

the operator S is T-linear with respect to M; with matriz S which is a solution to
S=> SFA, (7)
k=0

Proof: Since we know that S;(z,.J) * S(x,.J) as i — oo, and T' is a continuous operator,
then by continuity we have that lim;_.. T'(S;(¢)) = T'(limi_e0 Si(¢)) = T(S()).

Further, we have just shown that F(S( )) = [(¢)S; and so ['(S(p)) = I'(¢)S with
S = lim;_,o S;, which must exist as ['(S(¢)) is well-defined and bounded. Thus we can
conclude that the operator S is I-linear with respect to M with matrix S and that S
obeys

S=> SFA, (8)
k=0
]

Lemma 3 and Theorem 4 provide the natural analogue of the Neuts’ algorithm for de-

termining the matrix R in a traditional QBD. They are nearly a restatement of the result
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of Neuts [18] with the important distinction that there is no direct probabilistic interpre-
tation involved. Rather, it shows that the same matrix equation governs the calculation of
some derived quantities in the more generalised setting of Tweedie [27]. We shall formally

present this as an algorithm for future reference.
Algorithm 1 Given e > 0,
1. let Sy =0, set1 =0, and
2. iteratively calculate, Siv1 =Y e SFAL, while setting i := i+1, until ||S;11—Si|| <.

Finally we state the main result converting the operator-geometric result of Tweedie [27]

into a matrix-geometric expression under the operation of T'.

Corollary 5 Assume that Bk and flk are I'-linear with respect to M; with matrices By, and
Ay, for allk > 0. Let g = (o, i1, fi2, - - - ) be the stationary measure determined by equations
(2), (5), and (6). Then po € My, pup € M7 for k > 1, and we have T'(pgy1) = () S,
for k > 1, with To(po) and T'(p1) given by To(po) = To(po)Br +T(p1) Y pey S¥ ' Biya, and
T(p1) = To(po) Bo + T'(pu1) 372, S5 Ay

Proof: By the I-linearity of Ay and By with respect to M7 we have that P is T-linear
with respect to K. A sequence of measures q_’)(") iterated with P starting with an element
% = (¢, 1", ...) € K with ¢ € M, and ¢’ € M will stay in the set K. The limit
of the sequence ¢™ will also belong to K7, as we show below. We have ot = p (q{)(”)),
and suppose the limit of ¢™ is ¢*. Thus

F(re) < r(2(57 00 0) < ((6) (o 0%)

() (0 (e < ) e (2 (5 -0)

Now as n — oo the right hand side tends to I' (¢*) P and so ¢* € K} as claimed. From
the uniqueness of the stationary measure we conclude that it has the property stated in
the theorem.

The expression for I'(uy) follows immediately from equation (2) upon the application

of I'. From (5) and (6) we obtain the equations for I'(ug) and I'(y;) using Lemma 1. u
Corollary 6 Suppose the conditions of Corollary 5 are met such that p, € My then

Z [(u1)S* < 0o, elementwise
k

o0

0
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Proof: To prove the finiteness of I'(u1) > pe, S* consider

oo

(O

i(ﬂl),
which is a finite measure as
¢= [m(dz)) Sz, E) < oo
i=0

since S°°° Si(x, E) < oo for x yy a.e. ([27, Theorem 2 (iv)]). Now ¢' 3%, S'(ju1) is a

measure of total variation at most one, that belongs to M, therefore

00 >T (Cl Z‘gi(UI)) =) r (C’lgi(u1)> =TS,

The minimal non-negative characterisation of Neuts [18] is re-cast in the positive-
recurrent case as a matrix S that is a solution to Equation (7) while obeying Corollary 6.
Note that, although we haven’t analytically characterised which solution of (7) we
require, we have shown that the solution delivered by Algorithm 1 is the required solution.
We shall use this idea later to justify that a suite of other algorithms also deliver the

required solution.

3.3 Birth and death structures and level censoring

In this section we consider the case when the Markov chain has a birth and death like

structure, that is the transition kernel is of the form

[ Bi(x,.J) By(z,J) 0 0 0

By(z,J) Ay(z,J) Ao(z,J) 0 0

P(z,J) = 0 Ay(x,J) Ay(z,J) Ag(z,J) 0
0 0 Ay(z,J) Ay(z,J) Ag(z,J)

If we consider this Markov chain only at successive visits to even numbered levels we obtain

a new level-censored chain with kernel

[ BW(2,J) B{"(x,J) 0 0 0..
) B, J) AP, g) AP (@, J) 0 0
PW(z,J) = 0 AP, ) AV, g) AP (@, D)0 ,
0 0 AP@. ) AV ]) AP ()
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where we have

BO@,J) = /J Foe, dy) Eo(y, J), BO(z,J) = /J o, dy) H (g, 7).

BV (z,]) = [Hi(x,dy)io(y,J), A§1>(x,J):/J(ﬂ(x,dwi(y,J)+E<x,dy)ﬂ(y7J))a

AV (@, 1) = Hx,J), and AD(x,J) = L2z, J),

with

L(z,J) = Z/J/i’i(ﬂzdy)ﬁz(yw]), H(%J):Z/A’i(azdy)ﬁo(%af),

L) = 3 /foi(x, W)Ba(y D). Aol d) =3 [ Bl d)Boly. ),
i=0 '
Thus the new structure is still that of a birth and death process.

Corollary 7 When A, =0 for k > 2 and By, = 0 for k > 1 then the logarithmic reduction
algorithm of Latouche and Ramaswamsi [11] applies verbatim to the matrices Ay, A1, As, By

and By, associated with I'-linearity.

Proof: By following the argument in Latouche and Ramaswami [11] with the current
machinery, the result follows immediately. We also need to show that we have the required
solution of (7). Although the arguments presented in [11] are probabilistic, they can be
expressed (albeit much more tediously) in algebraic form. This can be used to show that
the solution delivered by the logarithmic reduction algorithm is the same as the solution
delivered by Algorithm 1 and so the logarithmic reduction algorithm must deliver the

required solution. ]

Similarly, all the known algorithms in the QBD literature that rely on level-censored

arguments, can be justified in this extended environment.

3.4 Kernels expressed in an orthonormal basis

Here we describe the model of Nielsen and Ramaswami [20] in the current framework and
then show how their result can be interpreted as a special case of the more general results

of the current paper.



14

In [20] Nielsen and Ramaswami took J to be the unit interval and considered kernels
P, ;(z,J) mapping = € [0,1] to some Borel set J € J. Further they assumed that the
kernels P j(z,J) had a density p; ;(x,y) which could be expressed by orthonormal basis
functions, ¢ (z) € L?, in the following way

1
Fos(@m) = 3 Prstn(@)n(y), here /0 (@) )k = Ty (1),
et

where [ (¢) is an indicator function such that [ (¢) = 1 when ¢ = k and 0 otherwise. They
defined the set M; as the set of measures on the unit interval with a density that could
be expressed by the same basis functions. Now define I' as the vector of coordinates of
the density of the measure when expressed in terms of the orthonormal basis functions
¢r(z). Thus, if we denote a measure in My by ¢(-) and its density by ¢'(x) and express
the density as ¢'(z) = yp(z) = D, Vor(z), then I'(p) = ~.

The work of Nielsen and Ramaswami can be reinterpreted in the language of this paper
as showing that the P,; are T-linear with respect to M with matrix P;; = (P jik,e)re. To

see this, consider

()0 = | @@= / S mnle) T Pusnatul)o 1)
0 k0
= Z%nzp”kz/ Pm () Pr(z)dzde(y Z%P”M@() YL P(y),

and so, D(I; ;()) = YPi; = T() P

Nielsen and Ramaswami [20] considered the case of a Quasi-Birth-and-Death structure,
as in (9), where Ay(z,.J) = 0 for k > 2. Let () be the density of the phase variable
being x at level k under the stationary measure of the Markov chain. This can now be
found by Theorem 4 and Corollary 5 as ) (z) = Y® ¢ (z), and so T'(ux(z)) = v*, where
~#) = ~(0) Gk with S being the solution to S = Ag+SA; +S%A,, arising from Algorithm 1,
and v = ~©(By + SB;). Nielsen and Ramaswami finally obtained numerical results

effectively, by applying Corollary 7.

4 Queues with RAP and ME components

PH distributions and MAPs are by now standard models in the applied queueing and

performance literature. The MAP is a point process with finite dimensional distribution
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of the first n points given by
f(t ta, ... ty) = aeCtiDeCtt) D Cltn=tn-1) De. (9)

That is a sequence of possibly dependent PH variables having the same sub—generator. The
algebraic extension of PH distributions is termed ME distributions and goes back to [§],
while the formulation as a matrix—exponential is newer. See e.g. [2] for a quite exhaustive
treatment. Asmussen and Bladt [3] introduced the corresponding generalisation of a MAP
as a point process of possibly dependent ME distributed random variables having the same
governing matrix. Their starting point was to define a RAP as a point process, where there
exists a version of the prediction process that varies in a finite dimensional space under
the time shift operator. They proved that a process is a RAP if and only if it has a finite
dimensional distribution given by (9). They also introduced the piecewise deterministic
process J(t) (known as A(¢) in [3]) as an interpretation of the behaviour of the prediction
process. We use the same parameterisation as that of [3] such that ae = 1, (C'+ D)e = 0,
with all entries of e, C, and D being real. In [4] we introduced the concept of a Batch
Rational Arrival Process (BRAP) as a marked RAP with countable mark space, derived
directly from [3]. In that paper we also introduced the concept of a QBD with RAP
components as a random walk governed by a BRAP with two different marks (-1,41) and
reflected at zero. The sojourn time at level 0 is given by an ME distribution, where the
initial vector of the ME distribution might depend on the phase vector from which level 1
is left.

4.1 The GI/RAP/1 queue

We now consider the case of a queue with general renewal input governed by the distribution
F(-) and a RAP(C, D) service process. The bivariate random variables X,, = (L, J,),
where L,, is the number of customers in the queue at the n'' arrival and J,, is the phase
vector of the RAP at the n'" arrival, form a discrete time Markov chain on Ny x J. We
adhere to the convention that the phase of the RAP is kept constant during idle periods.
A change of behaviour during idle periods would manifest itself in the By kernels only. The

transition probability law of that Markov chain is given by

BO(]vj) AO(.77J) 0 0

i Bl(]a‘]) Al(J?‘]) "210(-77‘]) 0
PGID= ByGon) LG.ry AG,T) Ao, ))
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with

A3, ) = /Oooﬁk(j,t; J)AF(t), k>0 (10)

Bi(3,J) = /OOOQHI(J',t; J)AF(t),k > 0. (11)

Here P,(j,t;J) denotes the probability that the RAP(C, D) has had exactly k events at
time ¢, a customer is being served, and the phase vector J is in the set J € J, given it had
the value § € J immediately after the last arrival; while Q4 (4,t; J) denotes the probability
that the RAP(C, D) has had exactly k events at time ¢, and at the expiry of the k' event
the phase vector is in the set J € J and then remains there as the queue is empty, given
it had the value 7 € J immediately after the last arrival. The role of I' will here be taken
as the expectation operator of the measure of the phase vector of the RAP, which clearly
exists and is in J for any measure on J, as J is compact and convex.

We now show that flk and Bk are expectation-linear. In order to show this we first
show that Py(j,t;J) and Qk(4,t; J) are expectation-linear for all k and ¢t. We have from
the definition of the RAP(C, D) that

» Ot
15 "t. J — - Ct T Je

where I;(J) is an indicator function for the event J € J. For P, and Q; we get

5 t . CtlD C(t—t1)
e — . Ct11y,C(t—t1) Je e

B t . CtlD
Qi1(j,t; ) = / je" Del, (36—) dt,

B jet De

and for k > 2,

t
Pk(.77t7 J) = / /JPI(Jatlvdy)Pk—l(yat_t17J>dt17
0

t
Ol t:]) = / /J P, ta: dy)Opr (g, £ — £1: T)dty.
0

Lemma 8 The kernels Py(j,t;.J), for all k > 0, and Qy(j,t;J), for all k > 1, are

expectation-linear, that is

/J yPu(i. t:dy) = ()



for the set of matrices Py(t), k > 0, given by
et k=0,
Pk(t) = fot GCtlDGC(titl)dtl, k= 1,
fot Pl(tl)Pk_l(t — tl)dtl, k> 1,
and
[ vt ty) = Q0
for the set of matrices Qx(t), k > 1, given by

[7 e Ddty, k=1,
Q) =19
fO Pl(tl)Qk—l(t — tl)dtl, k>1.

Proof: First

Plitdy) — Crer, (I o 1y, (250
Y 0(J.t:dy) = Lvieelay | Gooig ) =3¢7e [ vlay | e

_ . Ct ject _ + Ct _ i P (t)
= ge''e el =ge"" = 3F(1).

Also,

i ¢ i cCt1 DeCt—t1)
., . . Ct C(t—t1) Je €
[Hypl(37t7dy) = /Jy/o je ' De 1 eIdy (jeCtlDeC(ttl)e) ih
t eCt1 DeClt—t1)
_ . Ct C(t—t1) Je c
— /O je“" De 1 e[ﬂyfdy (jeCtlDBC(t_tl)e) dty

t . Cty 1),C(t—t
_ /j€Ct1D€C(tt1)e ?eCtlDe (t—t1) "
0 jeCtiDeClt-t1)e

t
= j / e DAt = P ().
0

Then, for k > 1,

t
/yPk(j,t;dy) = /y/ /Pl(jatIde)Pk1<z>t_t1§dy>dt1
J J Jo JJ

t
= //Pl(j,tl;dz)/ypk1(z,t—t1;dy)dt1
o JJ J
t
= / /pl(J,tl,dZ>ZPk1<t—t1)dt
0o JJ
t

t
= /jP1(t1)Pk1(t—t1)dt=j/ Py (t1)Pe—1(t — t1)dtq,
0 0

17

(12)

(13)
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where the third equality is due to the induction hypothesis.
Similar arguments apply for the Qx(4,t; J). [}

Corollary 9 The kernels /Lc(g, J) and Bk(g, J), for k > 0, are expectation-linear with
matrices Ay = [ Pe(t)dF(t) and By, = [;° Qre1(t)dF(t), respectively.

Proof: Application of Lemma 8 to equations (10) and (11) yields the result immedi-
ately. [ ]

Thus this corollary establishes that we can apply Theorem 4 and Corollary 5 to the
GI/RAP/1 queue, effectively obtaining exactly the same non-linear matrix equation as
in [18]. We can also use Lemma 3 to determine the required solution, say R, to that
equation. We could also use the cyclic-reduction algorithm of Bini and Meini [5] in this
environment, as it can be justified using level-censoring arguments (see Hunt [10]). As it
delivers the same solution as does Algorithm 1, the cyclic-reduction algorithm must also
deliver the required solution, R. The only - but important - differences are the more general

model to which these apply and the change in the interpretation of the R matrix.

4.2 A QBD with RAP-components

The model in Section 4.1 was naturally formed in discrete time. We will now pay attention
to a model which following traditional analysis would be formulated in continuous time.
However, in order to apply the methodology of Tweedie we have to analyse the queue in
discrete time then later consider an interpretation in continuous time, which not surpris-
ingly happens to be straightforward and natural in our case. The most natural queue of
this type is the queue with RAP input and ME service time where the space J would be
the Cartesian product of the two spaces Jgap and Jyg of the two components respectively.
See [4] for a more thorough discussion of these issues and how to describe more complex
boundary behaviour. To analyse this QBD with RAP-components within the framework
of Tweedie we will consider the state of the process at level changes only.

In continuous time we denote the process by X (t) = (L(t), J(t)) and denote by T,, the
time of the n'" level change. Now we define X,, = X(T},) = (Ly, J,). Due to the piecewise
deterministic nature of the RAP this process is a Markov chain on the state space Ny x J.

The block kernels of Tweedie’s framework take on the specific form

P<Ln+1 :i+1aJn+1 S J|Ln:Z’Jn:J>:AO(.77J)7 n=>1,
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and
P(Lpyy=i—1,J01 € J|Ly =i, J, =3) = As(§, J), n>2,

P(Ln—i-l - 17Jn+1 S Jan:O’Jn:J) :Bo(j,J)

and
P(Lpi1=0,d041 € Jo| Ly =1,J, = j) = Ba(5,J),

while all other A;’s and B;’s are 0. The kernels A;,7 = 0,2 are expressed in the parameters
of the QBD with RAP components, as

~ o s ALt A
AZ(], J) = / jeAltAieIJ <J€—‘AZ) dt.

0 getitAe
Lemma 10 The kernels A;(j,J), i = 0,2 are expectation linear with matrices (—A;) "1 A;.

Proof: By definition, for ¢ = 0,2 we have

Aj.d et aery, (JE0AY
(4 — oAt A gz Tt t
/Jy i(d,dy) /Jy/o ge't' Aielyy, (jeAltAie)

00 . A1tA,
= et A, Je A
— /0 je Ale[HyIdy (jeAltAie) dt

[e¢) N A1tA‘
- et e dC Mgy
| aeaedtir

= / jeAltthi = ](—Al)_lAl
0

Lemma 11 The kernels B;(j, J),i=0,2 are expectation linear with matrices (—B1) ™' By

(— A1) By respectively.

Proof: The proof follow exactly the same lines as the proof of Lemma 10, with obvious

minor modifications. [ |

Now we can apply the results of Section 3 to the stationary measure pu(-) = (po(+), p1(+), - . .).

By choosing T' to be the expectation operator, we let v; = I'(1;) = [Jypi(dy) = E(J, I(Ly,
i)). Then Theorem 4 and Corollary 5 show that v; is given by

Vi1 = I/Z‘S7
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where S is the solution to
S = (—Al)_lAO + SQ(—Al)_lAQ, (14)

delivered by Algorithm 1. Here vg, vy are given by vg = vi(—A;) 'By and v, =
VU(—Bl)_lBO+V1S<—A1)_1A2.

4.2.1 Stability condition

For the irreducible case, from Tweedie [27] we have that the stability condition is equal to

¢(—A1)_1A06 < ¢A2(—A1>_16

where ¢(—A;)"'(4y + A2) = ¢. Now inserting the relation ¢ = 99(64140—41:142))67 where
0+ A

0 A = 0, we easily obtain the natural analogue of the standard stability condition.

4.2.2 From the embedded process to the time stationary process

In the previous section, all probabilistic calculations were done from the perspective of the
distribution of the phase at the time of level changes in the stationary process. In this
section we exploit those results and determine the expectation of the phase at an arbitrary
time-point in the stationary process.

Let the stationary measure of the QBD with RAP components be denoted by m(-) =
(mo(+), m1(+),...) and recall that pu(-) = (po(+), 1(+),...) is the stationary measure of the
embedded process. Again, choosing I" to be the expectation operator, we let 8; = I'(m;) =

Jyymi(dy) = E(J; I(L; = i)). Now, for some normalising constant K

oAt
K/ /u,dy 1e]J(€A1te)d

and applying the expectation operator I' to this yields

0, = =K (dy)yettel dt
‘ L(m) / /to/”z yyeeld, (ye“‘lte)
Alt oo Alt
- K (dy)ye! / I (Y dt:K/ / (dy)yette S __ar
/t_o/Ju( y)ye e Jz dz (yeAlte » Ju( y)ye € i

= K/ /Jy,ul(dy)eAltdt = K/ ViGAltdt, = KI/Z'(—Al)_l
t=0 t=

Thus using the results of the previous section, we know that

0i+1 = KV/[:Jrl(_Al)il = KViS<—A1)71 = 02(—141)5(—141)71 = HlR,
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with R = (—A;)S(—A;)™", and where S is the solution of equation (14). Now, this can be
rewritten as

(—A)T'R(=Ay) = (—A) A + (—A,) 'R A,

Premultiplication by A; gives the expression,
R*A5 + RA, + Ay = 0,

which is well-known in the traditional QBD framework. The vector 8y and possibly 6, is
determined from boundary equations.

This result was proved in Bean and Nielsen [4] for exactly this class of problems using
arguments based on taboo-probabilities and the last time of entering a set of states. We can
now apply Lemma 3 and Corollary 7 directly in this environment and so have shown that
all algorithms for standard QBDs that rely on level-censoring arguments can be applied
directly to QBDs with RAP components.

5 Example

We consider some families of examples, which we believe to be of generic interest, particu-
larly in the interface between ME and PH distributions. We hope that these may become

standard example distributions in this area.

e A family of ME distributions of order 3 governed by the parameter a > 0, which
can be made to have smaller coefficient of variation than the Erlang distribution of
order p. For a > 0 we develop a TPH representation of order 5 (which may not be

of minimal order), but for a = 0 there is no PH representation.

e A family of ME distributions of order 3 governed by the parameter n > 1. For n > 1,
we develop a minimal order (> 3) PH representation. As n — 1 the minimal order

of the PH representation tends to oo.

In Appendix A we present the detailed derivations of these families of distributions, to
assist others in devising different families with similar characteristics.

In our queueing example, we consider a RAP/ME/1 queue which for specific choices of
parameters has an alternative formulation as a MAP/PH/1 queue, although, generally of

higher (in some cases significantly higher) order.
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Service time distribution

As service time distribution we choose a distribution from the family parameterised by
a > 0,e > 0 with density

%(()\:c — €)% + ae?)) e
1—€e+ 1;“—“62

fz) =

Y

which is an ME distribution of order 3 with a and S given by

1+a A A 0
a = T(l’ —€, 62), and S = 0 —A A
I+ =% —e¢ 2 0 0 —)\

For certain values of a and € the minimal PH order is at least 4. We give an explicit PH

representation for this distribution of order 5 in Appendix A.

Arrival process

As arrival process we consider a process switching between a high and a low activity
regime. In each regime arrivals occur according to a Poisson process with rate v; and
respectively. When 7, = 0 the process is an ON-OFF process. The sojourn time in the
high regime is governed by an ME-distribution of the second family , with density

)\1()\% + w2)
/\% + w? + b)\l/\g

(eM" + be " cos (wt)) .

The relationship between A\; and A\; needs to be such that Ay = nA\; where n > 1. We have
Poisson arrivals with rate 7; while visiting this regime. The sojourn time in the second
regime is exponential with intensity A3. We have Poisson arrivals with rate v, while visiting

this regime. The C' and D matrices for this RAP arrival process are

_()\1 + 721) 2 O 2 20 >2\1 2
(=A1+A2—w)(A5+w?) (A2+w?+bA1 A2)w A1(A54w=)
C = N b —(A2 +m) LTS pLEREET S
— (_)\1 +)\2+w)(>\%+w2) B ()\§+w2+b>\1w)w _ ()\ + ) A (1+b)()\§ —|—w2) 9
N+ FbA A A2t w2+bA g 2 TN N+ w2 bAhg
0 0 Az — (A3 +72)
w0 0 0
o w0 0
D=1"9 0+ 0

0 0 0 7
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n|{ 10l 1.1 15| 2| 3
n | 4945 | 505 | 105 | 65 | 35

Table 1: Dimension of the matrices in the M AP/PH/1 queue as a function of the param-
eter 7).

The alternative MAP formulation, valid when n > 1, (with n states) and b = —1 is

A3y —A3— 72 ’

where e,, is a column vector of zeros with a one in the last place, and where the specific

forms of 7" and ay are given in Appendix A, as are the values of A\ and p. Finally,

wl 0
D = .
( 0 72)

5.1 Numerical findings

We present two main experiments, both chosen so that the mean of the service time
distribution is 1, and the arrival process is an ON-OFF process with v, = 1.9 and v, = 0.
For the arrival process, we fixed w = 7. Finally A3 was chosen such that the mean time in
the high and low regime would be the same.

In the first experiment, we let a = 1 and then choose ¢ = 0.18350 so that the service-
time distribution has minimal form-factor of 1.311, but still has a TPH(5) representation
(see Appendix A). For the arrival process, we ensure n > 1 and allow it to range over a
set of values n € {3,2,1.5,1.1,1.01}. We then chose A; such that the mean sojourn-time
in the high regime was 100. We have experienced no problems with numerical stability
whatsoever. In all the cases we have tried, the maximum relative error between the two
queue length distributions of the two comparable queues was less than 1071°. However,
obviously the computing time for the M AP/PH/1 queue grows rapidly with increasing 7.
In Table 1 we show how the dimensionality of the problem grows as 7 gets closer to 1. The
dimension of the problem in the RAP/ME/1 formulation is always 12.

In the second experiment, we chose the parameters so that there was no comparable
model possible in the traditional QBD framework. In other words, we analysed a pure
RAP/ME/1 system. Therefore, for the service-time distribution we let a = 0 and then
choose € = 0.41577 so that the service-time distribution again has minimal form-factor,

this time of 1.277. However, in this case, because a = 0 there is no TPH(5) representation
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and in fact there can be no PH representation at all (see Appendix A). For the arrival
process we then let n» = 1 and so again there can be no PH representation for this ME
distribution either. Further, we chose A; so that the mean sojourn-time in the high regime
was 100. Again, we experienced no problems with numerical stability whatsoever.

For curiosity we present the queue length distribution (probability mass function) for

a non-empty system in Figure 1. The probability of the system being empty is 0.05. The

x10°
1.5 T T T T T T T T T

14 .

1.3

1.2

11

0.9

0.8

0.7

0.6 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

Figure 1: The queue length probability distribution (where the queue length is greater
than 0) for a QBD-structured queue with RAP-components, that has no QBD parallel.

figure is constructed for the pure RAP/ME/1 case. However, for values of 7 close to one
there is practically no difference. Apparently the minor difference between the two service
time distributions is also quite insignificant.

For all cases we have tried with 7 > 1 and a PH service time distribution all the



25

eigenvalues of R in the RAP/ME/1 formulation were included in the set of eigenvalues
for (the much larger) R in the MAP/PH/1 case. We conjecture that this is a general
property without providing any proof.

6 Conclusion

In this paper we introduced the concept of I'-linearity on order to rapidly reproduce results
by Nielsen and Ramaswami [20] and Bean and Nielsen [4]. We then used the concept of
[linearity to produce new results for the GI/RAP/1 queue and finally justified that all
algorithms based on level censoring arguments for the analysis of the standard QBD queue

can be used in our more general setting.
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A Derivation of distributions families for examples

In this appendix we discuss the derivation of the distributions of our example section,
Section 5, in some more detail, as we find that our considerations leading to these examples

might be of more general interest.

A.1 Service time distribution

Aldous and Shepp [1] proved that the least variable PH distribution among distributions
with generators of order n is Erlang-n. O’Cinneide [23] showed that there exist ME dis-
tributions with generators of order n, that are less variable - in terms of the coefficient of
variation - than the Erlang-n distribution. In this section we provide a specific family of
such distributions, parameterised by a > 0 and of 3. When a > 0 we offer an alternative
formulation as an order 5 phase type distribution. We do not claim the latter to be of
minimal PH-order, however we certainly claim that the minimal PH-order is larger than 3
due to the results of Aldous and Shepp, and O’Cinneide. Consider the following mixture
of the first three Erlang distributions

H(z—e)? +ae?) ,,

1 — e+ 2

(%sz —eNz + (1 + a)62A>

flz) =

_ —\x
B 1 — e+ 2 ©
This distribution has a and S given by
A A 0
1 1
o = 11+—a2(17_6’ —;_a62), andS: O —)\ )\ s
with mean

6—4e+ (1+a)e
A2—2e+ (1+a)e?)’
which is 1 when A is chosen so that

5= <6—46+(1+6L)62).

2—2¢+ (1+a)e

M1:

The ratio of the second non—central moment to the first moment squared (Palm’s form-

factor) is

2(12 — 66+ (1 +a)e®)(2 — 2 + (1 + a)e?)
(6 —4e + (1 + a)e?)? '
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This function has a global minimum at a point where a is negative. Minimising with

respect to €, for fixed values of non-negative a, is obtained by solving the cubic in €,
(> = 1) +9(1 +a)e® —18(1 +a)e+6 = 0.

We did not manage to reduce the analytical solution of this equation to anything simple.
For a = 0 the minimal form-factor is 1.277 (as compared to % for the Erlang distribution),
obtained when € = 0.41577. For a = 1, the minimal form-factor is 1.311, obtained when
e = 0.18350. The distribution can not be in PH for a = 0 as the density becomes 0
when = = €¢/A. However, the distribution is in PH for a > 0, see O’Cinneide [21]. The
distribution is even in TPH (Phase-Type with upper triangular(bidiagonal) generator) as
all the poles of the Laplace Stieljtes transform of the distribution are real [22]. However,
a TPH representation might not be of minimal order as a general PH-distribution with
a generator of lower order than the one needed in the class of TPH might suffice. We
now claim, that we can find a distribution in TPH with a specific form of generator. We
proceed by deriving an initial probability vector such that this is indeed the case. We
consider distributions in TPH(5) with the following generator

X A 0 0 0
0O =2 X 0 0
T = 0 0 =X A 0
0 0 0 —=Xx 0
0 0O 0 0 =X\

Our choice is motivated by the following considerations. We need to have at least three
poles at —A which, given the diagonal structure of the TPH distribution, leads to at
least three phases with —\ on the diagonal. We need at least one phase with a diagonal
value other than —)\ in order to get a density with negative coefficients for some of the
Erlang components. The current choice is close to the most simple one could hope for.
The TPH(5) distribution includes a subset of the set of distributions with basis functions
(densities) given by

)\_3t2€—)\t

)\Qte—)\t
f(t) = )\e—/\t

Alef)\lt
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Any PH density of the generator T can be expressed as f(t) = a; Hf(t) with the coefficient

matrix K given by

S YD) Ap A2 =23 ]
A=A (=02 (-0 (a-a)?
1 0 0 0
H= 0 1 0 0
0 0 1 0
| 0 0 0 I

We want to find a; such that ayH = (e, 0). This linear system is under-determined
leaving us some room to manipulate to get a solution of a usable form, namely

(r—1)%
1+1/2e2a—e+1/2 €2

1-(p—1)%py
1+1/2e2a—e+1/2 €2

T _ (p—)py—e
oy =

1 1+1/2e2a—e+1/2 €2 ’

1/2 (14+a)—yp
1+1/2e2a—e+1/2 €2

Y
L 1+1/2€2a—e+1/2€2

where p = % and y is the free parameter in the solution. For a = 1 we can choose p = 1 +%

and y = f—je so that

ooo#].

. 1
Q= [ (@—er D) (et D) (@—etD)(er D)

A.2 Generic ME - distribution for RAP/MAP arrival process

We consider the set of distributions with basis functions (densities) given by
et

(e + be~*2! sin (wt))

(e + be™*! cos (wt))

M (A2+w?)
g(t) = | Nrrronr

)\1(>\§+w2)
)\§+w2+b)\1)\2
for sojourn time in the high regime. In particular we pick the third component of these.

This distribution has mean
200%w% + Aot + wt — WA Ph+ AN D
(/\22 +w?2+bN\ )\2) A ()\22 + w2)
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Following the steps of Asmussen and Bladt [3, page 135] we derive the ME-generator of
this distribution to be

-\ 0 0
(—>\1+)\2—w)()\§+w2) (>\§+w2+b)\1>\2)w
C = A2 42 _/\2 212 i
5t+w +bA\iw >\2+w +b\iw )
(=M1 +A2+w) (A2 +w?) B (A2+w?+bAjw)w Y
224w 4+bA1 A2 A2 4w 4+bA1 A2 2

where the initial vectors (1,0,0), (0,1,0), and (0,0, 1) will pick up the three components of
g(t). We now turn to possible PH-distributions of this form. A distribution with rational
Laplace transform is in PH if it has a positive density for all positive arguments and if the
pole of maximum real part is unique and real, see O’Cinneide [21]. As a consequence the
distribution will be in PH whenever |b] < 1 and A; < Ay. We know from O’Cinneide [22]

that the minimum number of phases in a PH-representation n is given by:

~ < cot <E> Sn > z ——. (15)

Ao — Ay n arctan (%)
We now consider PH distributions of order n with generator 7', where T;; = —\,i = 1,...n,
Tiiv1=M1=1,...,n—1,T,, = pA and all other entries are zero. We denote the initial

vector of this distribution by a. The densities of this PH distribution are given by ash(t),
where h(t) = e'(—Te). By straightforward algebra we find the LST’s of the I'th element
of h(t), h(t), to be

XL (s A

H(s
((s) (s 4+ )™ — pAnr
We denote the roots of (s + A\)" — pA™ by z; where z; = —X 4 Apwu;, where u; are
the n solutions to the equation v" = 1, such that z,_; = z;. Now by partial fraction
decomposition we have, for some k;;,7 =0,...,n — 1,
n—1 .
H(s) = .
= S+ z;
We find
AU — p)(z; + )L ooy
Kij = ’ = A1 —p)p~ . :
Hk;éj(u’j — uy)

Hk;éj(zj — 2)

Now a standard result in complex analysis tells us that [, ;(u; —ux) = nu;. We thus get

\ Yy A\ A 274l 277l
Rij = g<1 —p)p% ]. - ﬁ(l —p)p%ué- B 5(1 —p)p% (COS ( 7;] ) +iSin( 7;] )> |
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With w; = (uf ™ ut ub ™t o ub) we have
(231
A o | W2
= (m) = 20 -pae) | |,
Un

where A(c) is a diagonal matrix of the elements of the vector ¢ and the {’th element of p*

is p%. It is straightforward to verify that

_
A1 —p)

If we set b = —1, then the distribution we are aiming for is a scalar multiple of e“! —

vl = [w) w, u,_y ... oub] A(p")

3 (et 4 e™t) = et — 1 (emt 4 en=1t) Here the unnormalised vector o is determined
by multiplying the vector (1, —%,0,0, ..., 0, —%) by ', Finally we see that the fol-
lowing phase type distribution with ay; = K (1 — co8 (%))p% and {T;; = —\,i =
L....,n,Tiie1 = N\t =1,...,n—1,T,1 = pA} is identical to the ME distribution with
A=A (1 —p%>, Ao = A (1 —p% cos (27”)), and w = )\p% sin (27”) For a given ME distri-
bution (i.e. given Ay, A9, and w) if

2m

arcsin [ 22Q2=M1)
(A2—A1)?+w?

n = €Z+,

then there is an equivalent PH distribution with («, T') representation where

p= < (/\2—/\1)2+w2 >n /\: (/\2+/\1)(/\2—)\1)—|—w2
()\2 + )\1)(/\2 — /\1) + w2 ’ 2()\2 — )\1) ’

and the representation is minimal. The minimality can be seen by inserting the values of

A1, Ao, and w in expression (15) and expressing cos (2”) and sin (2”) in terms of cos (%)

n n
and sin (%)



