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Abstract

We define a class of stochastic processes, denoted as marked rational arrival processes
(MRAPs), which is an extension of matrix exponential distributions and rational arrival
processes. Continuous-time Markov processes with labeled transitions are a subclass of
this more general model class. New equivalence relations between processes are defined,
and it is shown that these equivalence relations are natural extensions of strong and
weak lumpability and the corresponding bisimulation relations that have been defined for
Markov processes. If a general rational process is equivalent to a Markov process, it can
be used in numerical analysis techniques instead of the Markov process. This observation
allows one to apply MRAPs like Markov processes and since the new equivalence relations
are more general than lumpability and bisimulation, it is sometimes possible to find
smaller representations of given processes. Finally, we show that the equivalence is
preserved by the composition of MRAPs and can therefore be exploited in compositional
modeling.
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1. Introduction

Markov processes in continuous time have been successfully applied for a long time in
performance and dependability analysis [24]. In the last two decades compositional analysis
approaches and equivalence relations based on different versions of lumpability have been
proposed for Markov processes with marked transitions [5], [15], [16]. Several model classes
which differ in detail but follow the same philosophies of composing communicating processes
have been proposed and successfully applied.

The major advantages of Markov models are their intuitive stochastic interpretation, the
possibility to compute stationary and transient results with a high precision using numerical
techniques, and computable equivalence relations that allow for a reduction of the state space in
several models. If one drops the first aspect, namely the stochastic interpretation, it is possible to
define distributions and processes at a purely algebraic level. The first model of this kind is the
class of matrix exponential (ME) distributions [14], [19], which are an extension of phase-type
(PH) distributions. ME distributions have been extended to rational arrival processes (RAPs)
[2], [20], which are an extension of Markovian arrival processes (MAPs) [21]. Although it has
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been shown recently that ME/ME/- queues can be solved with matrix analytical methods [1],
[4] and some fitting approaches have been proposed for this class of processes [12], [25], the
usability of ME distributions is limited by the missing probabilistic interpretation and even more
by the lack of approaches to decide whether a vector matrix pair describes an ME distribution.

Recently, we developed an equivalence relation between PH and ME distributions and
showed in the setting of stochastic Petri nets (SPNs) that PH distributions can be substituted
by equivalent ME distributions without altering marginal probabilities of the stochastic process
[9]. A similar result has been proposed in [10] for MAPs and RAPs. In this paper we extend the
mentioned results to a general class of stochastic processes which will be denoted as MRAPs.
We formally define the class and show that it contains Markov processes with labeled transitions.
Then we define two equivalence relations for MRAPs and prove that these equivalence relations
are extensions of ordinary and weak lumpability or bisimulation. We can additionally prove that
equivalent processes behave identically in the sense that we can substitute the matrices of one
process with the matrices of another equivalent process without changing the joint densities of
observing sequences of events. Consequently, if an arbitrary MRAP is equivalent to a Markov
process, it can be used in stochastic models that are solved with numerical methods. This
is especially attractive if MRAPs with a smaller state space that are equivalent to Markov
processes can be found. It is well known that lumpability, or better bisimulation, is preserved
by composition via synchronized transitions [7], [15], [16]. We show that similar results hold
for our more general equivalence relations.

The paper is structured as follows. In Section 2 MRAPs are defined and their relation to ME
distributions and Markov processes with marked transitions is outlined. In Section 3 the new
equivalence relations are introduced; we show that they extend ordinary and weak lumpability
and prove that equivalent processes can be analyzed with almost the same numerical methods.
In Section 4 the composition of MRAPs is defined and we show that equivalence is preserved
after composition. The paper ends with the conclusions.

2. Rational arrival processes with multiple event types

We begin with the definition of ME distributions and RAPs. In the following 4 = {0, ...,
n — 1} denotes the set of states. Let Gg € R™" be an n x n matrix whose eigenvalues have
negative real parts, which implies that G is nonsingular [19]. Furthermore, # € R” is a vector
with 1 = 1. Then (i, Gg) is an ME distribution if and only if

Fin.Goy(t) = 1 —meb0'1 (1)

is a valid distribution function, where 1 is a column vector of appropriate size with all elements
equal to 1. Depending on the context, we occasionally explicitly show the sizes of the vectors,
e.g. in this case 1,,. We assume that F(0) = 0, which follows from 71 = 1. If the nondiagonal
elements of G and the vector & are nonnegative, then (1) always describes a valid distribution
and we obtain a PH distribution. For n = 2, the classes of ME and PH distributions coincide,
but, for larger dimensions, the class of ME distributions is larger [17]. On the other hand,
it is known that every ME distribution with a strictly positive density on (0, o) has a PH
representation of a possibly larger size [3]. Consequently, only ME distributions with a density
that becomes 0 in (0, co) cannot be represented as PH distributions of a finite dimension. As
shown in [9], ME distributions can be used like PH distributions in stochastic models, such as
SPNs, and most numerical analysis techniques are still applicable.
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We now continue with RAPs as a natural extension of ME distributions to processes. Instead
of the usual definition focusing only on the stationary behavior, we define the process together
with an initial vector to describe its transient behavior.

Definition 1. An initial vector and a pair of matrices (&, Go, G1) define a rational arrival
process if

1. x1 =1,
2. (Go+G1=0,

3. all eigenvalues of Gg have a negative real part, which implies that the matrix is non-
singular [19],

4. fix,Go.G))(t1, ... 1)) = neC G eG0n Gy ... 00 G 1 is a valid joint density for all
>0@G=1,...,;). Thatis,

f(ﬂ,G(),G])(tla ...,tj) > 0 and / / f(]t,G(),G|)(t17 ...,tj)dtj--~dt1 = 1.
n tj

If r >0, G| > 0, and all nondiagonal elements of G are nonnegative, then the RAP is a
MAP which always describes a valid density. In contrast to MAPs, RAPs have no probabilistic
interpretation at the state level. However, we can interpret the matrix G of a RAP as the origin
of internal state changes and the matrix G as the origin of events or points generated by the
stochastic process. The vector  can be interpreted as the initial vector of the RAP over a set of
states at time 0. For a MAP, & is a valid distribution; in the general case & may contain negative
elements as well. The interarrival time distribution of a RAP is an ME distribution. MAPs and
RAPs can be used to model processes with a single type of event. It is natural to extend MAPs
to generate multiple event types. This resulted in the definition of MMAPs [13], which can be
interpreted in a more general setting as Markov processes with marked transitions. This class
will be slightly extended in Section 4 to allow composition.

Similar to the extension from a MAP to an MMAP, we define a marked rational arrival
process (MRAP) with K event types.

Definition 2. An initial vector and a set of K + 1 matrices (x, Go, ..., Gg) define a marked
rational arrival process if

1. 1 =1,
2. (Go+ Y} Gl =0,

3. all eigenvalues of Gg have a negative real part, which implies that the matrix is non-
singular [19],

fn.Go...Gro) 1, ks, 1, k) = meC01 Gy eC0R Gy, - - eGO’J’Gk‘,l 2)

,,,,,

is a valid joint density for allt;, > Oand k; € {1,..., K} (i =1,..., j). Thatis,

f(ﬂ,G(),...,GK)(tlakl7 DR t]7k]) 2 O
and
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As mentioned before, in these definitions the initial vector is included in the definition of
MRAPs for general transient analysis. Alternatively, we can assume that the initial vector
equals the embedded stationary vector v and is not part of the definition. In this case, the
following condition on the matrices becomes necessary to obtain a unique stationary vector and
substitutes the first condition above.

1. P= —Ggl(z,le Gy ) has aunique eigenvalue 1 such that the solutionv P = v, vl =1,
is unique.

Observe that the stationary vector as well as the initial vector of an MRAP may contain negative
elements. The size of an MRAP equals the dimension of the vector and the matrices.

The class of MRAPs of a given size contains MMAPs of the same size since an MRAP
isan MMAP if r > 0, Gy > O for k = 1, ..., K, and all nondiagonal elements of Gq are
nonnegative. MRAPs are structurally identical to BRAPs that have been defined recently in
[4] to describe batch arrivals where the interarrival time process is realized by a RAP. The only
difference is the interpretation of events which are not necessarily batch arrivals for MRAPs.

In general, we have to distinguish between the stochastic process and its representation.
A stochastic process considered in this paper has infinitely many representations. These
representations can have identical or different sizes. If we speak of an MRAP or MMAP,
we always mean a representation including the vector and the set of matrices. Consequently,
(, Gy, ..., Gg)is an MRAP if it satifies the conditions given in Definition 2. If we mean the
stochastic process then we speak of the stochastic process described by (r, Go, ..., Gg). We
say that a stochastic process is an MRAP process if an MRAP representation (x, Gy, ..., Gk)
exists that describes the process. Similarly, a stochastic process is an MMAP process if it can
be described by an MMAP (representation).

Consequently, in the sequel, MRAP and MMAP mean representations and if explicit refer-
ence to processes is needed, they are referred to as MRAP and MMAP processes. Implicitly,
MRAP and MMAP (representations) also mean processes. Note thatan MMAP process can also
be described by MRAP representations. This way an MMAP representation always describes an
MMAP process, but an MRAP representation can describe both MRAP and MMAP processes.

Another issue is the size of the representation. It might happen that an MMAP process has
an MRAP representation of size n and its smallest MMAP representation is of size m > n.

Example 1. The following vector and matrices represent an MMAP with two classes:

-1 1 0 0
0 -2 2 0

®=(050005,  G=|, o 5 ;3|
0 0 0 -4

0 00 0 0 00 0

0 00 0 0 00 0

Gi=log 00 of @ G=|4y oo o

15 0 0 15 05 0 0 05

The following vector and matrices represent an MRAP:

—1.36364 4.13365 —6.65777
¢ =1(0,0,1), Hy=|—-1.14992 —1.46376 4.02489 |,
0 1.1726 —3.1726
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0 0 291582 0 0 097194
H=|0 0 —-1.05841}), and H,=|0 0 —-0.3528
0 0 1.5 0 0 0.5

It contains negative elements outside the diagonal of Hy and, therefore, is not an MMAP.
We will later prove that these general matrices indeed define a valid stochastic process and,
even more, that the MMAP and the MRAP are different representations of the same stochastic
process, and, consequently an MMAP process.

3. Equivalence relations for MRAPs

For continuous-time Markov chains (CTMCs) with marked transitions, the concept of ordi-
nary and exact lumpability [6], [18] provides the basis for introducing stochastic bisimulation
[7], [16] that defines a concept of equivalence between different processes. CTMCs with marked
transitions can be seen as a generalization of MMAPs such that lumpability and bisimulation
can also be used to define equivalence between MMAPs. Bisimulation has not yet been formally
defined for RAPs or MRAPs, but, as shown recently in [8], bisimulation can be extended to
transitions with labels taken from an arbitrary semiring and the general proofs can be easily
transferred to the specific case of RAPs showing the exact aggregation property, which means
that the RAP resulting from aggregation is equivalent to the original one. Here we show
that lumpability and bisimulation are special cases of a more general concept of computing
equivalent representations of a minimal size. Lumpability and stochastic bisimulation are
two closely related concepts. Lumpability [18] has been defined for Markov chains without
marked transitions. The term bisimulation was originally used for automata models without
any stochasticity [22], and has been extended to stochastic process algebras [16] and stochastic
automata [7] which can be interpreted as Markov chains with marked transitions. It turns out
that stochastic bisimulation is a natural extension of ordinary lumpability [6] by applying the
conditions to more than one matrix. The situation is different for weak lumpability [18], [23],
for which no corresponding bisimulation relation has yet been defined. In the sequel, we also
mainly use the term lumpability, instead of bisimulation, for the equivalence between MRAPs.
However, (ordinary) lumpability and (stochastic) bisimulation can be taken as equivalent for
MMAPs and MRAPs.

We first consider lumpability and then extend it to a more general relation between processes.
We then do the same for weak lumpability. Lumpability is based on a mapping between sets
of states. Let § = {0, ..., m — 1} be the set of states of an MRAP (&, Gy, ..., Gg), and let
5 = {0,...,n — 1}, m > n, be another set which defines a set of equivalence classes that
partition 4 into disjoint subsets. We denote by [h] C 4§ the states belonging to equivalence
class 1 € 4, and assume that all equivalence classes are nonempty. The mapping of states to
equivalence classes can be defined by an m x n matrix V such that V (i, h) = 1 if i € [h] and
0 otherwise. The matrix V contains one element equal to 1 in each row (i.e. 1,, = V1,,, where
1,, is a column vector of 1s of length m) and at least one element equal to 1 in each column.
The matrix V describes a lumpable partition if and only if, for all & € S andall i, j € lh],

(C1) €;GV =e;jGV forall k € {0, ..., K}, where e; is a row vector with 1 in position i
and 0 elsewhere.

This definition of lumpability is a natural generalization of the definition of lumpability for
Markov processes [18] and corresponds to bisimulation for Markov processes with labeled tran-
sitions [7], [16]. Observe that the matrix V has full column rank since in every column at least
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one nonzero element appears. We now extend this approach to MRAPs. Let (x, Go, ..., Gg)
be an MRAP with the set of states &, and let 4 be a set of equivalence classes with the matrix
V defining the mapping of states to equivalence classes. Assume that V describes a lumpable
partition. Then a vector and a set of matrices (¢, Hy, ..., Hx) on the set of states 4 can be
defined as follows:

1. ¢ =xnV,

2. Hi(f, h) = Zje[h] G (i, j) forsomei € [ f], and, hence, all i € [ f] by condition (C1),
andk € {0,..., K}.

We denote the computation of (¢, Hy, ..., Hyx) from (x, Go, ..., Gg) as an aggregation. If
(r, Gy, ...,Gg) is an MMAP then (¢, Hy, ..., Hg) is also an MMAP [7], [16]. We now
show that the aggregation of an MRAP is an MRAP.

Theorem 1. Let (, Gy, ..., Gg) be an MRAP with a set of states 8, and let V be a matrix
describing a mapping from 4§ into a set of equivalence classes 3. IfV describes a lumpable par-
tition (i.e. observes condition (C1)) then (¢, Hy, . .., Hk), which results from the aggregation
with matrix V, is an MRAP and we have GV = V Hy, forallk € {0, ..., K}.

Proof. We first prove that GV = V Hj holds if condition (C1) holds. Here GV and V Hy,
are m x n matrices. Element (i, h) of GV is Zje[h] G (i, j), which equals Hy(f, h) with
i € [f]. Since V(i, f) = 1 and this is the only nonzero element in row i, element (i, /) is
identical in both matrices and this holds for all i € $ and h € 4.

To show that (¢, Hy, ..., Hg) is an MRAP, we have to show that the vector and matrices
satisfy the four conditions for MRAPs. First, we have ¢1, =z V1, =xl,, = 1.

Then we have

K K K
0= Zlem = ZGkV1n = v(Z Hk>1n.
k=0 k=0 k=0

Since V has full column rank (because all equivalence classes are nonempty), the equation
implies that Zf:o H; 1, = 0. To prove the third condition, let A be an eigenvalue of Hy. Then
Ax = Hpx for some nonzero vector x, i.e. x is the right eigenvector belonging to eigenvalue A.
Furthermore, we have

M=Hyx — Vix=VHpx <<= Ai(Vx)=Gy(Vx),

where Vx is nonzero due to the full column rank of V. This way X is also an eigenvalue
of Go and Vx is the corresponding right eigenvector. Since all eigenvalues of G( have a
negative real part, the same holds for A and, thus, the eigenvalues of Hy. It remains to show
that fi¢ H,,... Hy)(t1, k1, ..., tj, kj) is a valid density. This is done in a more general setting in
the proof of Theorem 2 below.

Theorem 1 extends lumpability and bisimulation to MRAPs. Consequently, we can speak of
an aggregated MRAP and the aggregation has a physical meaning, namely the representation
of a set of states by a single state. However, it is interesting to note that the proof of Theorem 1
exploits the relations Gy V = V Hy and 1,, = V1, and the property that V has full column
rank, but does not use the fact that V describes a proper mapping, which implies that elements
of V are from {0, 1}. If we skip this condition, we lose the physical meaning given by the
aggregation, but it is still possible to define an algebraic relation between matrices and vectors.
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This relation applied to MRAPS relates processes with an equivalent behavior as shown now.
The following definition is algebraic, it relates sets of matrices and vectors of different sizes.

Definition 3. Representation (x, Go, ..., Gx) (composed of an initial vector and the set of
K + 1 matrices) with tAhe set of states § = {0, ..., m — 1} and representation (¢, Hy, ..., Hg)
with the set of states § = {0, ..., n — 1}, n < m, are ordinarily related if an m x n matrix V
of column rank n exists such that

1.1, =V1,,

2. xV = ¢, and

3. GV = VHy forallk € {0, ..., K}.

Definition 3 extends lumpability since matrix V now contains arbitrary elements. Conse-
quently, V no longer defines a partition. Additionally, the above relation can relate Markov and
non-Markov representations when applied to stochastic processes, as shown by the examples
below. The condition that V of size m x n has full column rank can be relaxed according to
Theorem 7 in Appendix A. If the rank of V is r (r < n) then there exits a modified matrix V
of size m x r with full column rank and an equivalent representation of size r.

Definition 4. Representation (i, Gy, ..., Gg) and representation (¢, Hy, ..., Hy) are said
to be equivalent if and only if their respective functions f defined in (2) are identical, i.e.

fw.Go,...Gr)t1, k1, .ot ki) = fg.Hy,...Ho) 1, k1, oo 8, k)
forall j > 0,t; > 0,and k; € {1,..., K}, i=1,...,].

Definition 4 does not require that (, Go, ..., Gg) defines a valid MRAP process, i.e. that
its f function is always nonnegative. An important consequence of this equivalence defini-
tion is the following. If (x, Go, ..., Gk) and (¢, Hy, ..., Hx) are equivalent, then either
(m, Gy, ...,Gg) and (¢, Hy, ..., Hg) both define the same stochastic process or neither of
the two representations defines a stochastic process.

Theorem 2. Representations (x, Gy, ..., Gg) and (¢, Hy, ..., Hy) that are ordinarily re-
lated according to Definition 3 are equivalent.

Proof. We need to show that
meC G e®n Gy, - 9 Gy 1, = et Hy PO Hy, - P 1,

forall j >0,#; >0,and k; € {1,...,K}, i =1,..., j. We prove the theorem by induction.

By definition, we have, for j =0, xV = ¢ such that 1,, = n V1, = ¢1, = 1. Let
@ = geCoh Gy, ...eGotini and @) = geton Hy, ... eHoti H;.
fori < j. Assume that 1V = ¢® . Then

¢(i+1) — ¢(i)eHoti Hy,

00 Nl
—¢®Y (Hoti) H,,
=0

!

i

0 l
) (Hot;)
="’V ,EO T H;,
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0 1
() (Goti)
=7 Z I G,V
=0
=z ty.

Since the relation holds for i = 0, it holds for all i and #; > 0. Furthermore, ¢’1, =
@) — @
"v1, =x'"1,,.

Theorem 2 relates different representations and, of course, these representations can also
be MMAP and MRAP representations. Consequently, Theorem 2 can be used to prove that
(¢, Hy, ..., Hk) is a valid MRAP using the following corollary. This is particularly useful if
MMAPs and MRAPs are related since an MMAP is per se a stochastic process, whereas, for
general matrices, it has to be explicitly proved that the density remains nonnegative.

Corollary 1. If (x, Gy, ..., Gg) is an MRAP with m states, and (¢, Hy, ..., Hg) is a vector

and a set of matrices of dimension n (< m) which is ordinarily related to (x, Go, ..., Gg)
using matrix V withrank(V) = n, then (¢, Hy, ..., Hg) and (x, Gy, ..., Gg) are equivalent
processes.

The relation between ordinarily related MRAPs goes beyond the equivalence of the joint
densities. As shown in the proof of Theorem 2, the conditional distribution after a sequence
of events of the MRAP with the larger set of states determines the conditional distribution of
the MRAP with the smaller set of states (x OV = ¢(i)), but not vice versa (since V is not
invertible).

Apart from ordinary lumpability, weak lumpability has also been defined [18, Chapter 6.4]
for Markov processes. Like ordinary lumpability, it is based on a partition of the state space,
but, in contrast to ordinary lumpability, it depends on the initial vector. We first define weak
lumpability for MMAPs and MRAPs, which to the best of the authors’ knowledge has not
yet been done. Only a restricted form of weak lumpability has been defined for stochastic
automata [7].

Let (x, Go,...,Gg) be an MRAP, and let V be an m x n (m > n) partition matrix.
According to [18, Chapter 6.3] we define an n x m matrix

W = (diag((diag(m)V) "1,,)) " (diag(m) V)", 3)
where diag(r) is a diagonal matrix with 5 (i) in position (Z, i) such that

(i)

Wh,i)=V(i,h)=——-—-—.
(h, 1) @@ )Zze[h]”(l)

We assume that ) ;. () # O forall h € 4 to obtain a valid matrix W. The matrix W has
row sum 1, one nonzero element in every column, and full row rank. Furthermore, WV = I,,.
Let H, = WGV fork =0, ..., K. A necessary condition for weak lumpability is

H H = WG;G;V 4)

forallk,l € {0, ..., K}[18,p. 135]. Relation (4) holds if V is a partition matrix of an ordinarily
lumpable partition since then GV = VHy forallk € {0, ..., K} and

WGLGV = WG VH;, = H.H,.
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In this case, the initial vector & is not needed for (4), since the initial vector of the MRAP with
the smaller state space can always be computed as ¢ = 'V and W can be computed from V
as in (3) using an arbitrary vector n > 0.

A second relation for which (4) holds is WGy, = H;W for all k € {1,..., K}, which is
defined as weak lumpability. In this case the equivalence depends on W and, therefore, also
on r. Before we prove the equivalence of weakly lumpable MRAPs, we extend the equivalence
as we did for ordinary lumpability and begin again with an algebraic relation between sets of
matrices and vectors.

Definition 5. Representation (x, Go, ..., Gg) with tlle set of states § = {0, ..., m — 1} and
representation (¢, Hy, ..., Hy) with the set of states § = {0, ..., n — 1}, n < m, are weakly
related if an n x m matrix W of full row rank exists such that

1.1, =w1,,

2. 1 =¢W,and

3. WGy = HyW forallk € {0, ..., K).

In contrast to weak lumpability, more general matrices W are now allowed that may contain
negative elements or more than one nonzero element per column, since & needs not be non-
negative and V needs not be a partition matrix. Again, the condition on the full row rank can
be relaxed according to Theorem 8 in Appendix B.

Theorem 3. Representations (x, Go, ..., Gg) and (¢, Hy, ..., Hyx) that are weakly related
according to Definition 5 are equivalent.

Proof. We need to show that
JteGO“ le eG()tz sz G()tj Gk _ ¢eH()t1 Hk eH()tz Hk H()tj ij 1,

forall j >0,k € {1,...,K},andt; > 0, 0 < i < j. We prove the theorem by induction.
By definition, we have, for j = 0, w = ¢ W such that ¢1, = ¢W1,, = x1, = 1. Define x®
and ¢@ as in the proof of Theorem 2, and assume that 7 ) = ¢ W. Then

2D _ ) Z (Gofz

ki

i (G t')
=¢()WZ ?‘l Gki
=0

o0 1
@) Z (Hot;)
— ¢(i+1)W.

Since the relation holds fpr i =0,itholds foralli, k; € {1,..., K}, and t; > 0. Furthermore,
D1, = ¢OW1, =¢?V1,.

Theorem 3 shows that an MRAP can be substituted by a smaller weakly equivalent rep-
resentation since both represent the same stochastic process. The relation between weakly
equivalent MRAPs goes beyond the equivalence of the joint densities, since the vector after
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observing i events in the process with the smaller state space can be used to recreate the vector
in the process with the larger state space. Again, the corollary below shows how to use the
equivalence to prove that a representation describes a valid MRAP.

Corollary 2. If (x, Gy, ..., Gg) is an MRAP with m states, and (¢, Hy, ..., Hg) is a vector

and a set of matrices of dimension n (< m) which is weakly related to (x, Go, ..., Gg)
using matrix W (rank(W) = n), then (¢, Hy, ..., Hg) and (x, Gy, ..., Gg) are equivalent
processes.

In the following we give a few examples of equivalent processes. In general, for an MRAP,
it is possible to compute (&, Go, . . . , Gg) ordinarily or weakly equivalent representations with
a minimal number of states. A preliminary version of such a reduction algorithm is presented
in [10], where results from the computation of minimal representations in linear system theory
[11] were used. However, a detailed description of the algorithmic reduction is beyond the
scope of this paper, and so we instead consider in the following section the relation between
the equivalence and composition of MRAPs.

Example 2. We consider the following MMAP of size 4:

—6 1.1236111 0.3922609 0.1190476

0 -5 1.1904762 0.761904 8
7 =(0.5,0.25,0.1,0.15), Do=14 31111111 —6.00 0 ’
0 1.8472211 1.375 _5
0 0 02 08 0 0 07 26650794
b |0 0 02 08 4 D, _ |0 0 028 17676191
=10 0 02 o8> *™ 2510 0 068 12088889
0 0 02 0.8 0 0 008 06977778
With
1 05 0 —05
w=]0 07 03 0
0 0 02 08
we obtain the MMAP
-6 1 0
T =(05005), Go=|0 =3.66667 0.66667],
0 3 _5

00 0 0 4
G =0 0 1], and Go=|0 0 2
0 0 1 0 0 1

such that n = xW and WD; = G;W, i = 0, 1,2, which implies that they are equivalent
processes according to Theorem 3. Now define

1 0
V =10.33333 0.666 67
0 1

https://doi.org/10.1239/jap/1331216833 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1331216833

50 P. BUCHHOLZ AND M. TELEK

Then

¢ = (0.5,0.5), 1 g

01 0 4
H]:(O 1), and H2=<0 1)

are such that rV = ¢ and G;V = VH;, i = 0, 1, 2, which implies that they are equivalent
processes. Observe that neither V nor W describe a (weakly) lumpable partition.

Hy = (—5.66667 0.666 67) ’

In the example above, the two MMAPs and the final MRAP are related. It is also possible
and often necessary to leave the restricted class of MMAPs to find an equivalent representation
with less states. The MMAP and the MRAP shown in Example 1 are weakly related by the

matrix
1.376 46 —0.60678 —0.74162 0.97194
W =1 0.9264 0.4264 0 —0.3528
0.5 0 0 0.5

and are therefore equivalent processes.

4. Composition of MRAPs

MRAPs as introduced in the previous sections generate events of different types; to make
them compositional, these events have to be accepted by other MRAPs, which requires an
extension of the model class. We consider here asynchronous composition, which implies that
we distinguish between outgoing (active) events and incoming (passive) events. This viewpoint
corresponds to queueing networks without blocking [5] or probabilistic I/O automata [26]. We
consider the composition of two MRAPs, and define a symmetric composition, which means that
each of the MRAPsS is able to send events to the other one. This is a general interpretation of an
MRAP which goes beyond the interpretation as a traffic source. An MRAP is seen as a stochastic
process that interacts with its environment by sending and receiving events. In this way MRAPs
can be used to model interacting systems, such as processes of a distributed system that exchange
messages or multiclass queueing networks where customers travel between subsystems, each
described as an MRAP.

As an extension of MRAPs, we define an extended marked rational arrival process (EMRAP)
with K outgoing and L incoming event types by an initial vector = and a set of K + L + 1
matrices (x, Go, ..., Gk, Uy, ..., Ur) such that

1. (m, Gy, ..., Gg) is an MRAP,
2. Ul=1forl=1,...,L,and

3. 8x.Gy,....Gx .U, ..., UL)(tl,kl,...,l‘j,kj)=veGot‘XkleGothkz---eGol.kajl > ( for all
j=0,4 >0,and Xy, € {Gy,..., Gk, Uy,..., UL}, i=1,...,].

We use a general function g rather than a probability density function f because incoming
events are included and these events are triggered by some other process. Therefore, g is in
general not a density, but it has to be nonnegative. If (, Go, ..., Gg)isan MMAPand U; > 0,
then the resulting process is Markovian and the third condition is always observed.

The composition of two EMRAPs, 7D, G(l) G(l) U(l) U(l)) of dimension 7
and (& @ G(z) . G(Lz), U, (2) yUg 2) ) of dlmensmn ny,is deﬁned by the following vector
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and matrices:
70 =70 @z ®

60 =6 e6? =6 @1, + I, ® G2,

GO - G oUu®  ifl<k<K,
- U“> ®G(2) ifK <k<K+1L.

Theorem 4. (@, G{”, ..., G\, ) is an MRAP

Proof. Let ng = niny. We have
1=V erP)N=s01.2P1=1

and

K+L K
(o ) (oot o0

k=1 k=1
+ Z v ® G,(2)>1
K L
=Y 61,81, +1,, ® Y _ G1,,
k=0 =0
=0.

Furthermore, if @1 and w, are eigenvalues of G(()l) and G(z), then @1 + wo is an eigenvalue of
G(()O) , which implies that all eigenvalues of G(()O) have a negative real part. It remains to show

that f(n<0> GO GO )(tl, ki,...,tj, kj)is a valid density. We have
G e K+L
G0t = ¢60'BG 1 _ Gyt g oGt
since
1 2
GPBGP: _ Z (G5 & GeHnt
I
h=0
1 2
B Z (G ® Iy, + I, ® Gy
h!
— Z Z < )([G(l))l ([G(()Z))h_i
1 Dyi
-> “05 5 e
N i
i=0
eG(()”z ® er)”z.
Define Jt(gi) =a", i € {0,1,2}, as the initial vector of the three processes. Then n(go) =
. (l) .
]tél) ® n’éz) and, for some sequence, (t,k1,12,k2,...,1j,k}), n(') = n;'_)leGo ’jX,Elj).
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© (1)

Now assume that 7 ; 1 =700 Jl’(z) Then it follows by induction that, for all j > 0,

70 =@ @r®)Ei @b X ® X2)

1 My (1 2 )
= (n(. ) eCoti X]((j)) ® (”J('—)leGO tj X/i,-))
20 g r®,

where X(l) G(l) for k < K and U,EI)K otherwise, X(z) U(z) for k < K and G,({Z)K
otherwise, and X(O) G(O). Furthermore, ]()1 = n(l)eGg)“X(l) . G((f ’ X(l)l > 0 for
[l = 1,2 and Xk,- as above since (n(”, G(()l), e, Gg?, Ul(l), .. U(l)) is an EMRAP with a
nonnegative function g. This implies that n](.o)l = th(.l)l - Jl’](-z)l > O forall ¢. Then f is a valid

density if and only if
)
/ ](O)leGo ‘G71dr =71
=0 1
. ©) . .
We have G(()O)l =— Z,f:lL G,((O) 1 and lim,, » % ! = 0 since all eigenvalues of G(()O) have a
negative real part such that
oo K+L o
/ S 7% & GO 1ds _”(O)f ROUDH Z 601
j
=0 4= 1=0 k=1

— O
=mn; 1

It is easy to show that the composition of two EMRAPs which are Markovian results in an
MMAP.

5. Preservation of equivalence after composition

We now show that equivalence is preserved by composition such that equivalent EMRAPs
can be substituted into a composition and the result is an equivalent composed MRAP. Before
this can be shown, equivalence has to be defined for EMRAPs by extending the definitions for

MRAPs.
Definition 6. Two EMRAPs, (x, Gg, ..., Gk, Uy, ..., Uy) of size m and (¢, Hy, ..., Hg,
Ty, ..., Tr) of size n (< m), are ordinarily related if an m x n matrix V exists such that

1. 1, =V1,,

2. TV = ¢,

3. GtV=VH, k=0,...,K,andU;)V =VT;, [ =1,...,L
Definition 7. Two EMRAPs, (x, Gg, ..., Gk, Uy, ..., Uy) of size m and (¢, Hy, ..., Hg,

Ty, ..., Tp) of size n (< m), are weakly related if an n x m matrix W exists such that
1.1, =W1,,
2. T =¢W,

3. WG =HW,k=0,...,K,and WU, =T/W,[=1,...,L.
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The following two theorems show the preservation of the relations by composition.

Theorem 5. Ler (r!), GY,....6 Q. U, ... UD") of sizemy and ¢V, H{", ..., H,
Tl( ), R TL( )) of sizeny (< m1)betwo EMRAPs that are ordinarily related with matrix V, and
let (n(z), G(()z), e G(L2), Ul(z), R U;(z)) of size ny be another EMRAP. Let (n(o), G(()O), el

G(I?LL) and (¢©, Héo), ey HI(&)_L) be the MRAPs resulting from the composition of (D,

1 1 1 1 . 2 2 2 2 1
Gg%..l.,Gf,(l),Uf),..l.,Ué)) with (n<2;, Gg>,...2, G(L)z, Uf),...z, UP) and O, HY",
SHP T Ty with 2@, 6P, ..., 6P 0P, .. UL, respectively. Then
(‘;t(o),IG(()O), e, G(I?LL) and ((b(o), Héo), R H1(<04)_L) are ordinarily related with matrix VO —
® Ly,

Proof. We have to prove that the three conditions given in Definition 3 hold. The first
holds since (V @ L)) 1yn, = V1 @ Inyly, = 1y, ® 1, = Ly,,. Observe that V@ is an
mny X niny matrix. For the second condition, we have

TOVO - O @z V eI, =1VVer®=¢Der? =¢O.

Finally, we have o | )
GPVO = (G @ I, + 1y, ® GV @ I,,)

=G)'V®l,+V®G
—vH" ®1I,+V&Gy
= (V@ L) (Hy ® I, + I, ® Gy)
0) 77 (O
— V( )H() ,
GOvO =GV oUP) V&I,
(1) @
=6"veUul
—vH" 9 UP
=vOGY if1<k<K,
GOvO =0 8 GP (V& 1,)
= UIEPKV ® Gl(i)K
() @)
=VT 'k ® Gk
—vOGY ifK <k<K+L.

It is easy to show that the relation also holds if we exchange the indices 1 and 2. In this case,

VO =10V,
Theorem 6. Let (xV, G\, ..., G0, 0", ... U") of sizemy and ¢V, H(", ..., H,
Tl(l), R TIEI)) of size ny (< my1) be two EMRAPs that are weakly related with matrix W, and

let (n(z), Géz), el G(Lz), Ul(z), el UI((Z)) of size ny be another EMRAP. Let (n(o), GE)O), e,
G(,?LL) and (¢, Héo), ey HI((OiL) be the MRAPs resulting from the composition of (xV,
G, ... 0 v .. Uy with x®,G6P,...,6P Uu?, ... UP) and ¢V, H",
el HI((I), Tl(l), R TL(I)) with (n(z), G(()z), el G(Lz), Ul(z), R UI((Z)), respectively. Then

(n(o), G(()O), e, GE?LL) and (¢(0), Héo), el H1(<0_)|rL) are weakly related with matrix wo —
WRI,,.
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Proof. The proof follows the proof of Theorem 5.

Again, the result holds if we exchange the indices 1 and 2 such that the composed processes
are weakly related with WO =T @ W.

If the representations are ordinarily or weakly related they are equivalent processes and
can be substituted without changing the joint densities. The following corollary combines the
results of the previous theorems and shows that the result allows compositional modeling by
first finding smaller ordinarily/weakly related representations which are then composed with
other processes, resulting in a valid MRAP.

Corollary 3. Let (", G",....GQ U, ..., UD") ofsizemy and ¢V, H", ..., H,
Tl(l), ey TIED) of size n1 (< my) be two EMRAPs that are ordinarily or weakly related. Let
@?,G6Y,...,6P,U?, ... UP) of size my and (¢@, H?, ..., HP T, ..., TP
of size ny (< my) be two EMRAPs which are ordinarily or weakly related. Let ( (LN G(()O), el
G(I?LL) be the MRAP resulting from the composition of(n'(l), G(()l), R G(Kl), Ul(l), R Ug))
and (x®,GP,....6P U, . ..,UI((Z))i and let f¢<°>,lH0‘°>, : ..,1H,(<01L) be the MRAP
resulting from the composition 0f(¢(1), H(; ), e, HI((), Tl( ), e, TL( )) and (¢(2), H(g ), e,
H?. 12, TP). Then .G, ....G{. ) and (O, H), ..., HY),) are equiv-
alent.

Proof. We assume that (", G, ..., G, U", ..., U") and @D, HS", ... . H,
Tl(l), e, Tlfl)) are ordinarily related, and that (71’(2), G(()z), R G(Lz), Ul(z), el U1(<2)) and ((b(z),

H(§2), ..., H 152) , T, 1(2), e, TI((Z)) are weakly related. The other cases are proved similarly.
First, we consider the EMRAP (1;(0), Féo), o, FE(I)() + 1) which results from the composition

of @M, B, ..., HP, TV, ... Ty and @@, G, ...,6P, U, ..., UP). Accord-

ing to Theorem 5, this MRAP is equivalent to (©, Gf)o), o G(I?Zr 1)

Then we can start with ("(0) , Féo), e, FE(I)() + ;) and, according to Theorem 6, this EMRAP is
equivalent to (¢ O Héo) ... H 1(<04)r ). Since equivalence of MRAPs is transitive, the corollary

follows.

Example 3. We consider the following two EMRAPs which are both Markovian:

M = (0.563 484, 0.380 168, 0.012 697, 0.043 652),

-1 1 0 0
m_ |10 -1 1 0
Gy = 0o 0 -1 1 ’
0 0 0 -—=2290867
0 0 00
(1 0 0 00
G = 0 0 0 0y’
1.290867 1 0 O
0.825445 0.174555 0 O
u® 0.225327 0.774673 0 O
= 1 0 0 0}’
0 1 00
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and
x® = (0.1,0.9,0,0),
—0.83556 0.42667 0  0.08889

G2 0 —~0.9775 0.67  0.2475

0 T | 040222 1.17333 -2 024444 |°
029111 130667 0 —1.97778
0.03556 0.19833 0 0.08611

G® _ [ 000667 0045 0 0.00833

1= 002 01225 0 00375 |
0.04222 026833 0 0.06944

0 0475 0 0.525

p@ _ [061111 009167 0 029722

1= 1038889 0.18333 0 0.42778
0.16667 0.125 0 0.70833

Composition of the two processes results in an MMAP (I(O), G(()O), Gio), Géo)) with 16
states. However, the first EMRAP is weakly related with matrix

0.563484 0.436516 0 0
W= 0 0.563484 0.436516 0
0 0 0.563484 0.436516
to the EMRAP
-1 1 0
¢V =1, -0.1,0n, H=[0o -1 1],
0 0 -1
000 100
H"=|0 0 o], 1"=]1 0 0
1 0 0 1 0 0
The second EMRAP is ordinarily related with matrix
08 04 —02
y_ |01 02 09
“lo1 04 05
—0.1 1 0.1
to the EMRAP
-1 08 0
¢? =(-001,022,0.79), HP=[02 -16 1 |,
0 08 -08
0 01 0.1 0 05 05
H? =0 015 025], T12=|0 08 02
0 0 0 05 05 0

It is interesting to note that in both cases only the initial vector prohibits the %)rocesses being
Markovian. Composition of the two processes results in an MRAP (¢(O), HOO)  H 1(0), H2(2))
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with nine states characterized by the following vector and matrices:

¢© = (0.01,0.22,0.79, 0.001, —0.022, —0.079, —0.001, 0.022, 0.079),

-2 08 0 1 0 0 0 0 0
02 26 1 0 1 0 0 0 0
0 08 -18 0 0 I 0 0 0
o 0 0 -2 08 0 I 0 0
H”=lo0o o 0 02 26 1 0o 1 o [,
o 0 0 0 08 -18 0 0 1
o 0 0 0 0 0 -2 08 0
o 0 0 0 0 0 02 -26 1
o 0 0 0 0 0 0 08 -18
00 0 000000
00 0 000000
00 0 000000
00 0 000000
H”=|0 0 0 00000 0],
00 0 000000
00505000000
0 08 02 000000
005 0 000000
0 01 01 00000 O
0 015 025 0 0 0 0 0 0
00 0 000000
0 01 01 0000 0 O
H” =10 015 025 0 0 0 0 0 0
0 0 0 000000
0 01 01 00000 O
0 015 025 0 0 0 0 0 0
00 0 000000

Both MRAPs (r (N G(()O) , GEO), Gg)) ) and (gb(o), Héo) JH 1(0), H2(0)) are equivalent. The
former MRAP is an MMAP, the latter is not an MMARP since the initial vector contains negative
elements. The matrices are in both cases MMAP matrices. Furthermore, (Gg)~! > ,le Gy and
(Hp)~ 1 Z,le Hj, are irreducible stochastic matrices such that the embedded stationary vector
can in both cases be computed as the left eigenvector belonging to the unique eigenvalue 1 of the
above matrices. The resulting eigenvectors normalized to 1 describe a probability distribution.
This implies starting from the embedded stationary vector both MRAPs are MMAPs. However,
the initial vector ¢ determined by () is not a proper distribution.

6. Conclusions and future work

In this paper we defined a new class of stochastic processes, called marked rational
arrival processes (MRAPs), which are a natural extension of rational arrival processes (RAPs).
Furthermore, we introduced two equivalence relations for these processes which are general-
izations of ordinary and weak lumpability defined for Markov processes. We showed that the
equivalence relations allow us to relate Markovian and non-Markovian representations, and that
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the equivalence is preserved by asynchronous composition of MRAPs, which is also defined in
the paper.

The class of MRAPs offers interesting possibilities in stochastic modeling since processes
can be analyzed numerically even if they are not Markovian. MRAPs with finite state spaces are
more general than Markov models with finite state spaces, however, a complete characterization
of the relation between MRAPs and MMAPs is still missing. Additionally, the development of
algorithms to compute the proposed relations between different MRAPS is also an important
point. A first approach can be found in [10].

Appendix A. Ordinary relation with matrix V of reduced column rank

Theorem 7. Assume that MRAPs (x, Gy, ..., Gg) of size m and (¢, Hy, ..., Hx) of size n
(n < m) are related as in Definition 3, but that rank(V) = r < n. Then there exists an
m x r matrix U and an MRAP (3, Fy, ..., Fx) of size r such that (x, G, ..., Gg) and
(n, Fo, ..., Fg) are ordinarily related by matrix U.

Proof. We show how to compute the matrix U and MRAP (y, Fy, ..., Fg). Without loss
of generality, we assume that the first r columns of V are linearly independent such that
V = (V1 V) and V] is an m x r matrix with rank(V) = r. Since the columns of V| spawn
the column space of V,anr x s (s = n — r) matrix A exists and V, = V] A. Let

1 2
H, — H, H;
k = H3 H4 ’
k k
where Hk1 isanr x r matrix. Here GV = V H} implies that Gy V| = V) (Hk] + AH,?). Define
D = I, 4 diag(Aly), an r x r matrix, where diag(-) of a vector is a diagonal matrix with the
vector elements in the diagonal. If U = V| D then

Ul, = Vi D1, = Vi(I, + diag(A1,))1, = Vi(I,1, + ALy) = Vi1, + Vo1, = 1,,.

The relation also implies that D cannot be 0 but may contain 0 diagonal elements. We first
assume that D is nonsingular, i.e. all diagonal elements are nonzero. Define the vector = xtU
and the matrices Fy = D! (Hk] + AH,S’)D such that

UF, =ViDD™'(H! + AH})D = Vi(H! + AH})D = GV, D = G, U.

Since D has full rank, rank (V] D) = rank(V]) = r, which completes the proof for this case.
If D is singular, we assume without loss of generality that the first u > 0 diagonal elements

are nonzero such that
D, 0
=5 3):

where D1, of size u X u, is a nonsingular diagonal matrix. We define
~ D, 0
D= (—lveo IU) ’

- D! 0
D! = 1 ) ,
((lueo)Dl S 8
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where v = r — u, I, is the identity matrix of order v, and e is a row vector of length u (whose
elements are numbered from O to # — 1). The element O of eg is 1 and all other elements are 0.
Define U = Vlﬁ. Since D1, = l~)1,, we have l71, = 1,. Now we can use D and U instead
of D and U and obtain, for F; = ﬁ_l(Hk1 + AHkS)[),

UF,=V,DD™'(H! + AH})D = V\(H! + AH})D = G,V\D = G,U,
which completes the proof.

Appendix B. Weak relation with matrix W of reduced row rank

Theorem 8. Assume that the MRAPs (xt, G, ..., Gg) of size m and (¢, Hy, ..., Hg) of size
n (n < m) are related as in Definition 5, but that rank(W) = r < n. Then there exists
anr x m matrix T and an MRAP (y, Fy, ..., Fx) of size r such that (x, Gy, ..., Gg) and
(n, Fo, ..., Fg) are weakly related by matrix T.

Proof. The proof follows the same lines as the proof of Theorem 7.
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