Canonical representation of discrete order 2
MAP and RAP

Andris Mészaros!3 and Miklés Telek!2

! Budapest University of Technology and Economics,
2 MTA-BME Information systems research group,
3 Inter-University Center for Telecommunications and Informatics Debrecen,
{meszarosa,telek}@hit.bme.hu

Abstract. Matrix-geometric distributions (MG) and discrete (time) ra-
tional arrival processes (DRAP) are natural extensions of discrete phase-
type distributions (DPH) and discrete Markov arrival processes (DMAP)
respectively. However, the exact relation of the Markovian classes and
their non-Markovian counterparts and the boundaries of these classes
are not known yet. It has been shown that for the order two case the
MG and DPH classes are equivalent. In this paper we prove that the
equivalence holds for the order two DMAPs and DRAPs as well. We
prove this equivalence by introducing a Markovian canonical form for
order two DRAPs and by showing, that this canonical form can indeed
be used to describe the whole order two DRAP class.
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1 Introduction

Stochastic models with underlying Markov chains have been widely used since
the introduction of matrix analytic methods [1], which allow efficient numerical
analysis of such stochastic models. Relaxing the limitations of stochastic pro-
cesses with underlying Markov chains, non-Markovian generalizations of these
processes, matrix exponential distributions (ME) [2] and continuous rational ar-
rival processes (CRAP) [3], have been introduced. More recently it has turned
out that these non-Markovian generalizations inherit the applicability of the ef-
ficient numerical procedures for their analysis [4]. Due to the nice computational
properties, parameter estimation (fitting) and moments matching of CMAP and
CRAP processes have gained significant attention [5,6]. The order two models
(the lowest order non-trivial models) allow explicit analytical treatment. For
order two continuous processes the canonical representation and the moments
matching were investigated in [7]. It was shown that order two CMAP = order
two CRAP. In this paper we investigate the discrete counterparts of these pro-
cesses and introduce a canonical representation for the order two DRAP class,
we prove that the order two DMAP = order two DRAP relation also holds, and
we present explicit moments and correlation matching formulas.
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The rest of the paper is organized as follows. In Section 2 we survey the
necessary definitions and essential properties of existing Markov chain driven
stochastic processes and their non-Markovian generalizations. Unfortunately, we
need to introduce a lot of concepts in this section, which makes it rather dense.
The next section focuses on the special properties of the order 2 class of these
processes. The main result of the paper, the canonical representation of order 2
DMAP and DRAP processes, is presented in Section 4. Finally, explicit moments
and correlation matching formulas are provided in Section 5.

2 Markov chain driven point processes in discrete
and continuous time and their non-Markovian
generalizations

The following subsections summarize the main properties of simple stochastic
models with a background discrete state Markov chain and their non-Markovian
generalizations. If the background chain is a discrete time Markov chain we
obtain discrete (time) stochastic models and if it is a continuous time Markov
chain we obtain continuous (time) stochastic models. The main focus of the
paper is on the discrete models, but some results are related to their continuous
counterparts and that is why we introduce both of them.

2.1 Discrete Phase type and matrix geometric distributions

The following stochastic models define discrete distributions on the positive in-
tegers.

Definition 1. Let X be a discrete random variable on NT with probability mass
function (pmf)

Px(i) = Pr(X =i) = aA" (1 — A1) Vi e N¥, (1)

where « is a row vector of size n, A is a square matrix of size n X n, and 1 is
the column vector of ones of size n. If the pmf has this matriz geometric form,
then we say that X is matriz geometrically distributed with representation o, A,
or shortly, MG(a, A) distributed.

In this and the subsequent models the scalar quantity is obtained as a product
of a row vector, a given number of square matrices and a column vector. In the
sequel we refer to the row vector as initial vector and to the column vector as
closing vector. It is an important consequence of Definition 1 that o and A have
to be such that (1) is non-negative.

Definition 2. If X is an MG(a, A) distributed random variable, where a and
A have the following properties:

—aiZO;
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- A;; >0, A1 <1,

then we say that X is discrete phase type distributed with representation o, A,
or shortly, DPH (o, A) distributed.

The vector-matrix representations satisfying the conditions of Definition 2
are called Markovian.

In this paper we focus on distributions on the positive integers, consequently,
al = 1. The cumulative density function (cdf), the moment generating function,
and the factorial moments of X are

Fx(i)=Pr(X <i)=1-aA'l, (2)
Fx(z) = E(z%) = za(I — zA)~}(1 — A1), (3)

o= B(X(X=1).. (X—n+1)) = Ci—nnfx(zﬂz:l — nla(I—A) " A" 1. (4)

2.2 Discrete Markov arrival process and discrete rational arrival
process

Let X(t) be a point process on N with joint probability mass function of inter-
event times Py (xq,21,...,2) for k=1,2 ... and o, ...,z € NT.

Definition 3. X (t) is called a rational arrival process if there exists a finite
(Ho, H1) square matriz pair such that (Ho + H1)1 = 1,

a(I—Ho) 'Hy=m, nl=1 (5)
has a unique solution and
PX(t)(IO; L1y - ,Ik) = EH01071H1H01171H1 e ngkilHl]]., (6)

In this case we say that X(t) is a discrete rational arrival process with represen-

tation (Ho, Hy), or shortly, DRAP(Hq, Hy).

The size of the Hg and H; matrices is also referred to as the order of the
associated process. An important consequence of Definition 3 is that Hg and
H, have to be such that (6) is always non-negative.

Definition 4. If X(t) is a DRAP(Ho, H1), where Hqo and Hy are non-
negative, we say that X (t) is a Discrete Markov arrival process with representa-

tion (Ho, H1), or shortly, DMAP(Ho, Hy).

The matrix pairs satisfying the conditions of Definition 4 are called Marko-
vian and the matrix pairs violating Definition 4 are called non-Markovian.

Definition 5. The correlation parameter, v, of a DRAP(Hy, H1) is the eigen-
value of (I — Ho) ™t Hy with the second largest absolute value.
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One of the eigenvalues of (I — Ho) ' Hj is 1, because (Ho+ H1)1 = 1, and the
other eigenvalues are on the unit disk. If v is real, it is between —1 and 1. This
parameter is especially important in case of order 2 DRAPs, as their p; lag-k
autocorrelation coefficient can be given as pp = v¥¢g, where ¢y depends only on
the stationary inter-arrival time distribution of the process.

In general, a DMAP has infinitely many different Markovian and non-
Markovian representations (matrix pairs, that fulfill (6)). One way to get a
different representation of a DMAP(Dg, D1) with the same size is the appli-
cation of the similarity transformation

Hy=T 'DT, H,=T 'D:T, (7)

where T is an arbitrary non-singular matrix for which T'1 = 1. The (stationary)
marginal distribution of the inter-event time of DRAP(Ho, H1) is MG(w, Hy),
where 7 is the unique solution of (5).

2.3 Continuous Phase type and matrix exponential distributions

The continuous counterparts of the above introduced models are defined as fol-
lows.

Definition 6. Let X be a continuous random variable with support on RT and
cumulative distribution function (cdf)

Fx(z) = Pr(X <z)=1— ae?®1,

where « is a row vector of size n, A is a square matriz of size n X n, and 1 is
the column vector of ones of size n. In this case, we say that X is matriz expo-
nentially distributed with representation «, A, or shortly, ME(a, A) distributed.

Definition 7. If X is an ME(«a, A) distributed random variable, where a and
A have the following properties:

— «a; >0, al =1 (there is no probability mass at x =0),
— Aii<0; AijZOfOT”L'#j, A]].SO,

we say that X is phase type distributed with representation o, A, or shortly,
CPH(«, A) distributed.

The vector-matrix representations satisfying the conditions of Definition 7
are called Markovian.
The probability density function (pdf), the Laplace transform, and the mo-
ments of X are
fx(z) = —aeA® AL, (8)

f3(s) = E(e™") = —a(sI — A)"' AL, (9)
pn = E(X"™) =nla(—A)""1. (10)
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2.4 Continuous Markov arrival process and continuous rational
arrival process

Let X(t) be a point process on RT with joint probability density function of
inter-event times f(zg,x1,...,2%) for k=1,2,....

Definition 8. X(t) is called a rational arrival process if there exists a finite
(Ho, H1) square matriz pair such that (Ho + H1)1 = 0,

xn(—Ho) 'Hy=m, 7l=1, (11)
has a unique solution, and
fzo,z1,...,21) = meHoro HyeHorr (. eHoov 1. (12)

In this case we say that X(t) is a rational arrival process with representation
(Ho, H1), or shortly, RAP(Ho, H1).

Definition 9. If X(t) is a RAP(Ho, H1), where Ho and Hy have the following
properties:

— Hy;; >0,
— Hyp;; <0, Ho;j >0 fori#j, Hol <0,

we say that X(t) is a Markov arrival process with representation (Ho, H1), or
shortly, MAP(Hq, Hy).

Similar to the discrete case, the representations satisfying the conditions
of Definition 9 are called Markovian and similarity transformations generate
different representations of the same process.

3 Some properties of order 2 DPH and MG distributions

In this section we summarize some recent results concerning the canonical rep-
resentation of order 2 DPH and MG distributions (DPH(2) and MG(2), respec-
tively) from [8], which are going to be utilized in the subsequent sections. Matrix
A of an order 2 MG distribution has two (not necessarily distinct) real eigen-
values, out of which at least one is positive. The cases when both eigenvalues
of A are positive can always be represented with an acyclic Markovian canon-
ical representation, whose properties are studied in [9]. The cases when one of
the eigenvalues is negative can always be represented with a cyclic Markovian
canonical representation as it is summarized below.

Theorem 1. [8] The pmf of an MG(2) distribution has one of the following two
forms

— different eigenvalues: . .
pi = a1si 4 agsh (13)

where s1, 82 are real, 0 < s1 <1, 81 > [s2], az = (1 — s2) (1 — ‘“Sl) and aq

1_
is such that
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o ifs5>0, then 0 < ap < U=s)U=s2) ;g

S1—82
. (1—s1)(1—s2)s (1—s1)(1—s2)
® Zf52<0, thenmﬁalﬁ 51_52 . )

— identical eigenvalues:
pi = (al(i — 1) + az)Si_l, (14)

where s is real 0 < s < 1, and a1, as are such that 0 < a; <

_ (1—8)?—a1s
- 1—s :

az

Theorem 2. [9] If X is MG(2) distributed with two distinct positive eigenvalues
(0 < 53 < 81 < 1), it can be represented as DPH(a, A), where

o = 04(51-52) s a1+ az s A= 51 1_81 .
(81 - 1)(82 - 1) 1— 59 0 s2

Theorem 3. [8] If X is MG(2) distributed with a dominant positive and a
negative eigenvalue (sy < 0 < s1 <1 and s1+ s2 > 0), it can be represented as
DPH(a, A), where

o = |:( a151+asss (a1+a2)(1751752):| , A= |:1 - ﬂl Bl:| ,

81—1)(82—1)’ (51—1)(82—1) /32 O
Br=1—51— 82 and B2 = SlfrlsZ{l.

Theorem 4. [9] If X is MG(2) distributed with two identical eigenvalues (0 <
s =89 =81 < 1), it can be represented as DPH(«, A), where

_ a8 ao _ s 1—s
o [ B P

There are several interesting consequences of Theorem 1 — 4. First of all
DPH(2) = MG(2),

that is all MG(2) can be represented with a Markovian vector-matrix pair. Fur-
ther more
ADPH(2) = MG(2) with positive eigenvalues,

where ADPH(2) denotes the subclass of DPH(2) with acyclic matrix A.

The canonical representation of the stochastic models introduced in Section 2
is a convenient Markovian representation that takes Cumani’s acyclic canonical
form [10] if possible and contains the maximal number of zero elements. In
some cases these principles completely define the canonical representation, while
additional criteria are applied in other cases. The representations in Theorem 2
— 4 are recommended as canonical representations in [8,9].

The ADPH(2) canonical forms (Theorem 2 and 4) have an interesting rela-
tion with the Cumani’s canonical form of CPH distributions. If MG(v, G) is a
MG(2) with positive eigenvalues then vector v and matrix G — I define a ME(2)
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distribution, ME(y, G—1I). Let PH(4, D) be the Cumani’s acyclic canonical form
of ME(v, G — I), which always exists [9]. Vector 6 and matrix D + I define the
canonical representation of MG(v, G) according to Theorem 2 or 4. That is

MG(y,G) "2° ME(y,G — I) = CPH(~AT , T~ (G — I)T)
~_~ —

g D
C—D -1 = -1
= DPH(WT, T (G-I)T +1I)=DPH(WT, T "GT), (15)
where the eigenvalues of G and T~ 'GT are between in (0, 1) and the eigenvalues
of D are in (—1,0). Note that the similarity transformation T~ 'GT maintains
the eigenvalue structure of G.

4 Canonical representation of DRAP(2) processes

The main goal of this paper is to define Markovian canonical forms for order 2
DRAP processes.

The DRAP(2) processes are defined by 4 parameters [11], e.g. the first 3
factorial moments of the stationary inter-arrival time distribution, fi, f2, f3, and
the correlation parameter, 7. Do and Dy of size 2 x 2 has a total of 8 elements
(free parameters). The (Dg + D1)1 = 1 constraint reduces the number of free
parameters to 6. If additionally, two elements of the representation are set to 0
then the obtained (canonical) representation characterizes the process exactly
with 4 parameters.

4.1 Canonical forms of CMAP(2)

The last paragraph of the previous section discusses the relation of the discrete
and continuous distributions. We are going to utilize a similar relation between
DMAP(2) and CMAP(2). To this end we summarize the canonical representation
of CMAP(2) from [7].

Theorem 5. [7] If the correlation parameter of the order 2 CRAP(Ho, H1) is

— non-negative, then it can be represented in the following Markovian canonical

form
o —/\1 (1 — CL))\l o a)\l 0
DO_[ 0 —n |0 DT (1 —b)Aa by
where 0 < A\ < A, 0 < a,b <1, min{a,b} # 1, v = ab and the associated

embedded stationary vector is ™ = [ 11::b ll’:gz } ,

— negative, then it can be represented in the following Markovian canonical

form
- —/\1 (1 — a))\l - 0 a)\l
DO_[ 0 —x |0 Di= bra (1 —Db)Ao|
where 0 < A1 < X, 0<a<1,0<b< 1,v = —ab and the associated
embedded stationary vector is ™ = [ﬁ 1-— ﬁ ]
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4.2 Canonical forms of DMAP(2) with positive eigenvalues

Theorem 6. If the eigenvalues of Ho are positive and the correlation parameter

of the order 2 DRAP(Hy, Hy) is

— non-negative, then it can be represented in the following Markovian canonical
form

Do = [1 _oAl (11_—63)31} » D= {(1 iAbl)A2 ng ' (16)

where 0 < A\; < A9, 0 < a,b < 1, v = ab and the associated embedded
stationary vector is w = [ 11:sz % ] ,
— negative, then it can be represented in the following Markovian canonical

form

o 1—)\1 (1—&))\1 o 0 a)\l
DO_[ 0 1—/\2}’ Dl_{mza—b)xi’ (7

where 0 < Ay < Ao, 51 =1—A1,50=1—-X2,0<a<1,0<b<1,vy=—ab

and the associated embedded stationary vector is w = [ﬁ 1- ﬁ ]

Proof. Practically the same approach is applied here as in (15). The detailed
proof of the theorem follows the same pattern as the proof of Theorem 5 in [7]
which we omit here because we focus on the proof of Theorem 7, the related
theorem with negative eigenvalues.

4.3 Canonical forms of DMAP(2) with a negative eigenvalue

Theorem 7. If one eigenvalue of Hg is negative and the v correlation param-
eter of the order 2 DRAP(Hg, Hy ) is

— non-negative, then it can be represented in the following Markovian canonical

form
_|1=Brah | A=a)p 0
O v e e T v) B
— negative, then it can be represented in the following Markovian canonical
form
_|1=FBrap -~ 0 (1-a)B
po= 'L o= e Sanie ) 09

where the eigenvalues are such that so < 0 < s1 < 1, 81+ s2 > 0, the relation of
the parameters and the eigenvalues is 1 =1 —51 — 89, fo = 22— 0<b< 1

S1+s2—17
and B2 < a < min (1,b1:§f) i case of v >0 or By <a <1 in case of v <0,

1

The correlation parameter and the first coordinate of the embedded station-
ary probability vectors (the unique solution of (5))
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— of (18) are

y=(1-a)1-b) (1+1_a 212 ) (20)

a 1—s51 —82+4+ 5152

1
i

= 21)

— of (19) are

1—a 5182
=—(1—-a)b|1 22
K (1-a) < + a 1—31—524—5152)’ (22)

1+ 22y
1—~
We prove the theorem by considering the full flexibility of the DRAP(2) class
with a negative eigenvalue and showing that the canonical forms of Theorem 7

cover this whole set of processes. To this end we first investigate the flexibility
of the DRAP(2) class.

(23)

Constraints of the DRAP(2) class We investigate the flexibility of the
DRAP(2) class based on the following representation

s1 0 a1+ (1 —ar —s1)y (1 —a1—s1)(1 —7)
Ho = |: 01 52] 7H1 = [ a1 (1—s2)(1—7) (1—s2)(1—a1—si+a1y) | (24)

1—s1 1-s1
where s; is the positive, so is the negative eigenvalue, «y is the correlation pa-
rameter and a; is the parameter that characterizes the stationary inter-arrival
distribution together with the eigenvalues according to (13). With this represen-
tation the first coordinate of the embedded stationary vector is m = TS .
For a given pair of eigenvalues, s; > 0 and so < 0, Theorem 1 defines the
limits of a;. According to these limits the first coordinate of any embedded vector

of DRAP(Hy, H1) should be bounded by

(1 —82)82 ng (1 —82)(1 —82)' (25)

(1 - 82)82 - (1 — 51)81 S§1 — 82

Function U, (z) describes the effect of an n long inter-arrival period on the first
coordinate of the embedded vector.

({E, 1— .I)HonilHl
(,T, 1-— ,T)Hon_lHl]].

Un(z) = (1.0)". (26)

If the embedded vector is (x,1 — x) at an arrival instance and the next inter-
arrival is n time unit long, the embedded vector is going to be (Up(z),1— Uy (z))
at the next arrival instance. In case of DMAPs the embedded vector represents
the probability distribution of the background Markov chain at arrivals, but in
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case of DRAPs it does not have any probabilistic interpretations. Hg and Hy
has to be such that starting from the stationary embedded vector 7 for any series
of inter-arrival times the first coordinate of the embedded vector satisfy (25).
Based on this property we define simple constraints.

— long series of 1 time unit long inter-arrivals:
Ui(z) = z has to have a real solution between the bounds in (25), because if
Ui(z) would be larger (smaller) than x between the bounds then a series of
one time unit long inter-arrivals would increase (decrease) the first coordinate
above the upper (below the lower) limit (cf. Figure 1). This constraint results
in

v < M (27)

(03 - CL1$2)2 '

— a long series of 1 time unit long inter-arrivals, then a 2 time unit long inter-
arrival:
If v > 0, then Uy (z) is a shifted negative hyperbolic function which increases
monotonously between the bounds in (25). If Uy (z) = 2 has two solutions,
wy,wy (w1 < ws), then w; is stable and wy is unstable, which means that
starting from z < w; or wy < x < wy and having a long series of 1 time
unit long inter-arrivals the first coordinate converges to wi, while starting
from z > we and having a long series of 1 time unit long inter-arrivals the
first coordinate diverges. Consequently a long series of 1 time unit long inter-
arrivals and a 2 time unit long inter-arrival keep the first coordinate between
the bounds if Us(wy) < wsy holds. This constraint results in

< §182C — Cl(l — 81 — 82) — \/51520102(81 + 82)2

2
v (28)

— long series of 2 time unit long inter-arrivals:
Similar to the first constraint Uz(z) = x has to have a real solution which
results in

> L0 VR (29

042

— a long series of 1 time unit long inter-arrivals:
If v < 0 then Uj(x) is a shifted hyperbolic function which decreases
monotonously between the bounds in (25). Uy (x) = z has to have a stable
real solution (w;) between the bounds in (25), which holds if LU} (2)]p—w, >
—1 (cf. Figure 2) (in case of a long series of 1 time unit long inter-arrivals
the first coordinate converge to ws). This constraint results in

82(1 —ay — 81) + a181
(c3 —a1s1)?

v 2 (30)
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Ui(x)
Ui(x) P
11f /f
14} ~
7
10 /
 _
e oo -
S~ -~ g
1ol 08} -
07F i
— 08 09 10 11 -
Fig.1. The Ui(x) function when s1 = Fig.2. The Ui(z) function when s; =
0.8,s2 = —0.3,a1 = 0.19,~v = 0.17. 0.8,s2 = —0.3,a1 = 0.19,v = —0.012.
Yiimits
0.15
0.10
0.05
R R R a
0. 0.18 0.20 0.22
-005F
-010F
-015F
Fig. 3. The upper and lower ~ limits as a function of a; when s; = 0.8,s0 = —0.3
In the above expressions the auxiliary variables are
C1 = —&1(81 — 82)2(1 —ayp — 51),
Coy = (1 — 81)3(1 — 82),
C3 = 1-— 81(2 —ap — 81),
cg =51(1—s1)(1 —a; — s1) + ars2(l — s2),
Cs = (a1(51 — 52) + 52(1 — 51)2),
Cg — —al(l —ay — 81)(81(1 — 81) — 82(1 — 82))2. (31)

We summarize the results of this subsection in the following theorem.

Theorem 8. For DRAP(Hg, H1) defined in (24) with 0 < 81 <1, —s1 < 82 <
0 and al satisfying Theorem 1 the correlation parameter satisfies the inequalities
(27) - (30).

Theorem 8 defines only some bounds of the set of DRAP(2) processes, but
the subsequent analysis of the canonical DMAP(2) proves that these bounds are
tight.
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Constraints of the set of canonical DMAP(2) processes Having the
bounds of the DRAP(2) class from Theorem 8 we are ready to prove Theorem
7.

Proof. (Theorem 7) First we need to relate the variables of the canonical repre-
sentation with the parameters used for characterizing the DMAP(2) processes.
The relation of 1, B2 with s1, s9 is

12 = 51— B+ /T = BLE +4017%) (32)

The relation of s, s2, a1,y with @ and b can be obtained from (20) and (21) for
the first canonical form and form (22) and (23) for the second canonical form.
If v > 0, then

2
—_ 1— 35 —
g STV %y ay(l —s1 — s + 5152) (33)

2e1 o (1 — CL)(CL(l — 81 — 82) + 81$2>,

where

e1 = (1—s51)(1— 51— 82)%,

ez = (1 —s1 — s2)(ar(s1 — s2)(1 — ) — s1(1 — 1)),

e3 = (1 —s1)7,

g1 =e1+ ez —e3(l — 51 — s2),

g2 = deq(ea + e351) (34)

and if v < 0, then

B=Vgta . ay(l—s—s2—s15) (35)

a = ’ )

Js B (1—a)(a(l —s1 — s2) + s152)

where

es = a1(s1 —s2)(1 — ),
er = (1 —s1)(s2(1 =) = (1 = 51— 52)7),
€eg = (1 — 81 — 82)(1 — 81)82,

g3 = —(1— 51 — s2)eg + e7s1 — es,
g4 = 4(es + e7)essi,
g5 = —2(1 — 51 — 82)(66 + 67). (36)

Based on these relations the constraints of the canonical DMAP(2) processes
can be obtained using the fact that all the elements of Dg and D; have to be
non-negative real numbers. That is a is real, o <a <1land 0 <b < 1. ais real
when the expression under the square root sign in (33) for v > 0 and in (33) for
v < 0 is non-negative. All together these constrains result in 5 inequalities for
v > 0 and 5 for v < 0. Out of these the following ones are relevant.
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— Case v > 0:
e a is real when g% — go > 0 which translates to (27),
e the inequality b < 1 translates to (28),

— Case v < 0:
e a is real when g3 + g4 > 0 which translates to (29),
e the inequality b < 0 translates to (30).

We neglect the details of the other derivations here.

5 Explicit moments and correlation matching with the
canonical forms

One of the most important applications of the introduced canonical forms is
the moments and correlation matching of DMAP(2) processes. Using the differ-
ent canonical forms ((16) - (19)) we can obtain analytical formulas for their 4
characterizing parameters the first 3 factorial moments (f1, f2, f3) and the corre-
lation parameter (y). Obviously, the different canonical forms result in different
equations.

The moments and correlation matching requires the inverse of the compu-
tation of these parameters, that is the appropriate canonical form and its pa-
rameters have to be found for a given f1, f2, f3 and . Unfortunately, based on
f1, f2, f3 it is not obvious how to decide if the eigenvalues are positive or one
of them is negative and consequently, it is not trivial to decide which canonical
form needs to be used. However, for any given set of f1, fa, f3 and « parameters
at most one canonical form gives a Markovian representation. In the following
we present methods to obtain the different canonical DMAP(2) from fi, fo, f3
and . These methods consist of two steps. The first step is the calculation of the
representation of the stationary inter-arrival time, i.e., « and A of Theorem 2
and 3 using the first three factorial moments, the second step is the computation
of the parameters associated with .

Transformation to DM AP (2) canonical form with positive eigenvalues
As in the previous section we will first consider the DMAP(2) canonical form
with positive eigenvalues ((16) and (17)). In this case the first step is based on
Table 3 in [9]. the s; and s5 elements of matrix A and vector « can be calculated
as

—z(hg — 6f1h1) + Vha

o = 71_ ) = )
[p,1—p], p Tt
hg — ZV h4 h,g —+ 24/ h,4
si=1- 22V = BTV
h2 h2

where
hi = 2f1% = 2f1 — fa, ha =3f2" — 2f1 fs,
ha

hs =3f1fo — 6(f1+ fo— fT) — f3, ha =h3 —6hihy, z = Tl
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The second step is the calculation of a,b of Theorem 6. If y =0, thena =1, b=
0. If v > 0, then a and b can be computed using

_ VT, di+VD
2(1 —81)7 2(1 —82)7

with
di=1—s3—p(1—5)(1 =)+ (1—=51)y, do=d] —4(1—s1)(1—s2)7.
If v <0, then

- —(1 = s2) po PA=s2)d -7~y —s1)

~p(l—s2)(1—7) —y(1—s1) 1—s9

Transformation to canonical form with a negative eigenvalue For the
DMAP(2) canonical form with a negative eigenvalue the 81, (2 parameters and
the a vector can be calculated using

12/ = 3fa(4+ f2) — 2f3+ 2f1(=6 + 3f2 + f3)
(3f3 —2f1f3)
By = —3f22-2fi+ fo) +2(=1+ f1)fs
127 = 3fo(4 + f2) — 2f3 + 2f1(=6 4 3f2 + f3)
~ B1— fiB1+ B2+ f1B8162
b= “1+5,

pr =

,Oz:[p,l—p].

From (7 and B2 the eigenvalues s; and so are obtained by (32). In the second
step a,b of Theorem 7 are calculated. If v = 0 then ¢ = 1, b = 0 stands again.
Otherwise

a:kl-i-\/k%—kg b1 av(l—ﬁg)

T sy L
kst k3 +4Bks ay(1 = f) .
“= 2ka ’b__(l—a)(a—ﬁg)7 ity <0,

where

ki=0—=")(p+pB1+B2—pha) =14 p1, ky=4B1(k1 — 1 +7v — B27),
ks = (1 =) (=p(1 = B2) = 2B2) = v(1 = B1), ks = k3 + B2+ — B2
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6 Conclusions

We have investigated the properties of order 2 DMAP and DRAP processes
and found that some of their properties are identical with the ones of order 2
CMAP and CRAP, specifically the subset of order 2 DMAP and DRAP processes
with positive eigenvalues can be mapped to the class of order 2 CMAP and
CRAP, while the subset of order 2 DMAP and DRAP processes with one negative
eigenvalue differs from the order 2 CMAP and CRAP and requires a different
treatment. We showed that the whole set of order 2 DMAP and DRAP cannot
be represented with acyclic Markovian Dg matrix, which was the case with order
2 CMAP and CRAP, but allowing cyclic representations as well the whole order
2 DRAP class can be represented with Markovian matrices.

We proposed a minimal (contains exactly 4 parameters) Markovian canonical
representation of order 2 DMAPs and DRAPs. This canonical representation can
be used efficiently for fitting, because the limits of the parameters are known a
priori. Additionally, we presented simple explicit procedures for moments and
correlation matching of canonical DMAP(2)s.
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