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Abstract
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a state space reduction, based on lumpability. We define SAN with replicas, and we show how
such SAN models can be strongly aggregated, taking functional rates into account. A tensor
representation of the matrix of the aggregated Markov chain is proposed, allowing to store
this chain in a compact manner and to handle larger models with replicas more efficiently.
Examples and numerical results are presented to illustrate the reduction in state space and,
consequently, the memory and processing time gains.
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1. Introduction

The high complexity of dynamic systems in many areas of application makes
them difficult to analyze [26]. Continuous time Markov chains (CTMC) facilitate
their performance and even reliability analysis. CTMC are often used as the under-
lying concept of a high level formalism interpreted by a software package, which
generates the state space and the infinitesimal generator of the underlying CTMC,
and computes stationary and transient solutions.

The primary difficulty in developing a software tool to handle large-scale Markov
chains comes from the explosion in the number of states. Indeed, CTMC model-
ing real systems are usually huge and sophisticated algorithms are needed to handle
them. In order to keep memory requirements manageable, Stochastic Automata Net-
works (SAN) were introduced [10,21]. The SAN formalism allows Markov chains
models to be described in a memory efficient manner due to their storage based on a
tensor representation. A somewhat different approach based on Stochastic Petri Nets
allows us to obtain a similar tensor formalism, as shown by Donatelli [8,9]. Further-
more, analysis techniques for these formalisms have been proposed. Direct solution
methods, such as Gaussian elimination, are generally not used because the amount of
fill-in that occurs necessitates a prohibitive amount of storage space. Iterative meth-
ods, which can take advantage of sparse storage techniques to hold the infinitesimal
generator, are more appropriate [11,21,26], even though here also, memory require-
ments can become too large for real life models. In order to analyze large CTMC
models with loosely coupled blocks, some iterative aggregation/disaggregation (a/d)
methods have been proposed in [26], and an a/d algorithm has also been proposed
for SAN in [4].

In fact, it will be necessary to develop techniques to reduce the complexity of the
Markov chain that will be analyzed. Fortunately, many large real systems include a
considerable large number of identical (replicated) components. Taking such repli-
cations of components into account, a reduced Markov chain resulting from strong
aggregation [17,22] can be generated. Previous studies on weak lumpability [2,19]
have also shown how to group identical states, but this kind of aggregation depends
on the initial state of the model. Lumpability and equivalence relations have been
defined and discussed in [3,6,18,14,24].

In the previous approaches, lumping on the state space of a Markov chain is
described. Some other techniques to exploit replications are based on hierarchical
models [20]. These techniques generate the reduced Markov chain directly from
the model specification. Hierarchical Markovian models are useful for analyzing
complex systems, and techniques to generate a reduced Markov chain from the spec-
ification of the model have been developed. Some a/d algorithms can also be applied
to such models [5]. For Stochastic Activity Networks (a particular class of Stochastic
Petri Nets), an algorithm for reducing the state space in the presence of replicated
subsystems has been developed [23]. Some similar techniques exist for finite states
machines, as shown in [7]. In [16], a symmetric composition for Stochastic Process
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Algebras is proposed. Its operational semantics is compact and intuitive, and it allows
a compact description of systems with replicas.

All these approaches present lumpability conditions for various modeling tech-
niques in order to reduce the state space. The goal of this paper is to present an
equivalent technique that can be used to efficiently aggregate SAN models. The lum-
pability conditions, as shown earlier in [17,22], are described and used in order to
demonstrate that a SAN with replicas can be strongly aggregated. Identical automata
within the model are detected and they can be automatically grouped and aggregated
in order to generate the reduced Markov chain. A similar approach is described by
Siegle [25], but it does not take functional rates, one of the major components of SAN
models, into account. In his work [3], Buchholz defines the equivalence relations for
Stochastic Automata Networks, and particularly equivalent representations for a Sto-
chastic Automata. Gusak et al. [14,15] have provided relatively general lumpability
conditions for continuous-time and discrete-time SAN; these conditions are checked
on automata matrices and they do not require exact replication of components. All
these approaches emphasis on equivalence relations, but they do not give any formal
definition of replicas for SAN. Moreover they do not give a tensorial expression of
the matrix of the aggregated Markov chain.

In the next section, we briefly recall the concept of SAN, and then we formally
define SAN with replicas in Section 3. The strong aggregation of such SAN is
described in Section 4, and a tensorial expression of the matrix of the aggregated
Markov chain is proposed. The final section shows the benefits of aggregation and
some numerical results of practical examples.

2. Stochastic Automata Networks (SAN)

Continuous-time Stochastic Automata Networks [10,11,21] describe a system as
a set of subsystems that interact. Each subsystem is modeled by a stochastic autom-
aton, and some rules between the states of each automaton describe the interactions
between subsystems.

Each automaton is composed of states, called local states, and transitions among
them. Transitions on each automaton are labeled with the list of the events that may
trigger it. An event is triggered after a delay which is exponentially distributed and
the exponentially distributed variables corresponding to each event are independent.
Each event is defined by its name and its rate.

When the occurrence of the same event can lead to different target states, a proba-
bility of occurrence is assigned to each possible transition. The label on the transition
is evt(prob), where evt is the event name, and prob is the probability of occurrence
of each possible transition. When only one transition is possible, the probability can
be omitted.

There are basically two ways in which stochastic automata interact. Firstly, the
rate at which an event may occur can be a function of the state of other automata.
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Such rates are called functional rates. Rates that are not functional are said to be
constant rates. The probabilities of occurrence can also be functional. Secondly, an
event may involve more than one automaton: the occurrence of such event triggers
transitions in two or more automata at the same time. Such events are called syn-
chronizing events, in opposition to events involving only one automaton, called local
events. As local events, synchronizing events may have constant or functional rates
and probabilities.

Consider a SAN model with N automata and E events. It is a N-component Mar-
kov chain whose components are not necessarily independent (due to the possible
presence of functional rates and synchronizing events). A local state of ith autom-
aton (.o/ @ |i=1,...,N) is denoted x® while the complete set of states for this
automaton is denoted S, and the cardinality of S @ is denoted by n;. §S=250 %
-+ x 8™ is called the product state space, and its cardinality is equal to ]_LN: 1ni- A
global state for the model is a vector x = (x(l), o xW )) € S. The reachable state
space of the model is denoted by S; it is generally smaller than the product state
space, most of the time because of synchronizing events and functional rates which
prevent some states in S from occurring.

An automaton is involved by an event if it has at least one transition labeled by
this event. The set of automata involved by an event e is denoted by O,. The event e
can occur if, and only if, all the automata in O, are in a local state from which one of
those transitions can be triggered. When it occurs, all the corresponding transitions
are triggered. Notice that for a local event e, O, is reduced to the automaton involved
by this event, and that only one transition occurs.

Fori =1,..., N, the behavior of continuous-time automaton .o/ @) is described
by a set of square matrices, all of order n;. We shall denote the set of synchronizing
events by &S. Let us denote, fori = 1,..., N, and fore € £5:

° Ql(i) the matrix consisting only of the transitions that are local to automaton .7 ?);

° Qg_ the positive synchronization matrix of .«7 ), which represents the occurrence

of the synchronizing event e and its rates;

° i’l the negative synchronization matrix of .#"), which corresponds to an updat-
ing of the diagonal elements for event e; it is defined by Qgﬁ)r and its elements are
not necessarily negative as suggested by the name.

Notice that if .«#¥) is not in O,, then Qg’l and Q(i) are identity matrices.

e
Then, it has been shown in [10,11] that the transition matrix can be expressed as:

N N N
o=@, 0"+ |®, 0l +Q, e’ (1)

i=1 ecsS \ =1 i=1

The tensor sum corresponds to the analysis of the local events, while the tensor
products correspond to the analysis of the synchronizing events. Notice the use of
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generalized tensor algebra [10,21], i.e., the use of operators €D P and Q) o instead of

P and Q).

3. SAN models with replicas

Although large systems often contain identical components, we turn our attention
to two different cases: systems where all subsystems are equal, and systems where only
some sets of subsystems are equal among themselves. The first case is modeled by a
SAN composed of one replica, and the second case is modeled by a SAN with multiple
replicas. In this section we formally define SAN models composed of one replica and
SAN models with multiple replicas with an illustrating example for each case.

3.1. SAN models composed of one replica

Informally, a SAN composed of one replica consists of a set of NV identical auto-
mata, i.e., the states of each automaton are identical, and the transitions are labeled
with identical synchronizing events or replicated local events (for a given transition,
the local events have the same rate in each automaton). This implies that the syn-
chronizing events involve all replicated automata. Moreover, we have a replica only
if the functions are not changed by a permutation of the parameters. For example,
if N = 2, for all functional rate f and for all x(') € S and x® € @, we must
have f xD, x@y = f (x@, xDY) (remember that S® is the state space of automa-
ton /). Formalizing the definition of such SAN:

Definition 1. A SAN composed of one replica is a SAN model with N automata,
such that, fori = 1, ..., N, we have:

e all local matrices Ql(') are identical (equal to Qy);

e for every synchronizing event e € &S, all matrices O 614)_ and all matrices Q((;l are
identical and respectively equal to Q.4 and Q._; only one automaton hold the
transition rate f, of the event (matrices f, Q.+ and f. Q.—);

e for all functional rates f, for all permutations o of [1, ..., N], and for each global
state x = (xV, ..., xM)), f(x) = f(o(x)), where o(x) = (x®D, ... x7W)
(the functions are not changed by a permutation of the parameters).

The concept of a SAN composed of one replica is now illustrated through a small
example.

3.2. The basic resource sharing model—RS1
In this model, N, distinguishable processes share N; identical units of a com-

mon resource. Each of these processes alternates between a sleeping state and a
resource using state. Notice that when N; = 1 this model reduces to the usual mutual
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Fig. 1. Basic resource sharing model—RS1.

exclusion problem and when N; = N,, all of the processes are independent. Let 2@
be the rate at which process i awakes from the sleeping state wishing to access the
resource, and let ,u(i ) be the rate at which this same process releases the resource
after using.

Each process is modeled by a two-state automaton .#(), the two states being
sleeping and using. Assuming §(b) a function that equals 1 if the expression b is
true, otherwise this function equals 0, then let the function f be defined by:

NP
f@ =8> 6" ==using) | <N;|. 2)
i=1
where x@ is the local state of automaton .o/, and x = D, xM)Y) is the

global state of the SAN. Thus the function f has the value 1 when access to the
resource is permitted (there is at least one available resource) and has the value 0
otherwise.

When all rates are identical AV = ... = 2M) =} and u = ... = M) =
W), there are two local events per process:

° evtg)

° evtﬁi)

corresponds to “acquiring a resource” by the ith process and it has a rate A f;
corresponds to “releasing a resource” by the ith process and it has a rate .

This model, called RS/, is graphically illustrated in Fig. 1.
Since this model does not have synchronizing events, there is only one matrix per
process:

W _ (A A )
< ( wo =)
All local matrices are identical, and the function is not changed by a permutation

of the parameters (commutativity of the sum in the definition of f, Eq. 2). This SAN
is therefore a SAN composed of one replica, as defined in Definition 1.

3.3. SAN models with multiple replicas
Definition 2. Assuming a SAN with N automata, we define a partition 4 such that

there are K contiguous subsets of replicated automata (K € [1, ..., N]). Then let
ky, be the last automaton index of the ith subset, called subset & (h € [1, ..., K]).



A. Benoit et al. / Linear Algebra and its Applications 386 (2004) 111-136 117

subset 1 : SI; = (1,2) subset 2 : SIs = (3,4,5) subset 3 : SIz = (6)
Ry =2 Ro =3 Rz =1

ko=0

k1 =2 ko =5 k3 =6

Fig. 2. Decomposition into subsets of a SAN with N = 6 and K = 3.

Assuming arbitrarily kp = 0, we may denote by SIj the set of indexes of the auto-
mata in subset h: Sl = (kp—1 + 1, ..., ky) and by Rj, = k, — kj,—1 the number of
automata in the subset & (R, = Card(SIy)).

An illustration of this decomposition into K subsets is given in Fig. 2.
First let us define a set of permutations such that there can be an exchange inside
each subset, but not between different subsets:

Definition 3. For a given SAN and a partition & (Definition 2), let 2 be the set of
permutations of [1, ..., N] such that
ceP < Yhell,...,K], Vi €SI, o(i) € SI.

Forh € [1,..., K], let 2}, be the set of permutations inside the corresponding subset
(permutations of [(k,—1 + 1), ..., kp]). 0 € 2 can be expressed as a combination of
permutations o, € 2}, denoted by 0 = (o071, ..., 0k).

State vector structure due to multiple replicas
Letx = (xV, ..., x™) be a global state of the SAN.

It can be decomposed into subsets, x = (x1, ..., xg) where x,(h € [1, ..., K])
is a vector such that x; = (x%*r—1+D xkn)y,
Then, for o € 2, denote o(x) = x°D, ..., x> If ¢ = (01,...,0k) is

defined as above, o(x) = (o1(x1),...,0kx(xk)), and for hel[l,..., K],
on(xg) = (x®n-1tD) o ka)y,

Note that the composition of permutations (denoted by o) is closed within 2, that
is to say: let ¢, 7 € 2, then 0 = ¢ o 7 is also in 2. It is also obvious that when oy,
goes through 2, for all h € [1, ..., K], then o goes through 2. For K = 1 (SAN
composed of one replica), £ equals the set of permutations of [1, ..., N].

Considering the example in Fig. 2 with each automaton having two local states (1
and 2), the global state x = (2,1, 1, 1, 2, 1) means that ,52{(2), %(3), /@ and .o/ ©
are in local state 1, while .o/ M and .#® are in local state 2. Let o be the permutation
such that o (x) = (1, 2, 1, 2, 1, 1). We have in both global states (x and o (x)):

e one automaton from the first subset, two automata from the second subset, and
one automaton from the third subset in state 1; and
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e one automaton from the first subset, one automaton from the second subset, and
no automata from the third subset in state 2.

Having the same number of automata in all local states means that we can exchange
global states with a permutation of 2 (Definition 3).
A formal definition of SAN models with multiple replicas can be as follows:

Definition 4. A SAN with multiple replicas is a SAN model with N automata and

a partition ¢ (Definition 2), such that, for 2 =1, ..., K, we have:

e forall j € SI, the local matrices Ql(j ) are identical (equal to Q(.n));

e for every synchronizing event e € &, for almost all j € SIj, all matrices Qeﬂz
and Qg’_) are identical and respectively equal to Q ey ) and Q.— p). Only one
automaton in the whole SAN holds the transition rate f, of the event and therefore
this automaton has different matrices. When this automaton is in subset A, its
matrices are respectively equal to fo Q e+.4) and fe O e— n);

e for all functional rates f, for all permutations o € £ (Definition 3), and for each
global state x, f(x) = f(o(x)) (for each subset &, the function is not changed by
a permutation of the parameters “state of .7 ®-17D" to “state of .oz %))

A SAN is said to be without replica if there are N subsets with only one automaton
in each subset (K = N and k;, = h for h =1, ..., N). On the other hand, a SAN
composed of one replica is a SAN for which all automata are in the same subset
(K =1), as for the RSI example presented in Section 3.2. A SAN with multiple
replicas is therefore a SAN for which 1 < K < N.

Note also that synchronizing events may affect several subsets (as well as only
one subset). The conditions in the above definitions expresses that automata in the
same replica have the same behavior with respect to all synchronizing events.

3.4. The resource sharing model with different rates—RS2

In this model (Fig. 3), we consider N, processes partitioned in K groups with
different rates for acquiring and releasing N; units of a common resource (the N
units of resource can be used by any process of any group). For each process of each
group (h € [1, ..., K],i € SIj), we have two local events:

° evtfi’;l is the local event corresponding to “acquiring a resource” by process i

of g}oup h. It has rate A; f (f has the definition given in Eq. 2 for the example
RSI);

° evtﬁfz is the local event corresponding to “releasing a resource” by process i of
group h. It has rate py,.

There are no synchronizing events, so we have only local matrices. For 7 =
1,...,Kandi € SI,
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Fig. 3. Resource sharing model, different rates—RS2.

0O — (Tl At
L Kh  —Hn)
Inside each subset, the local matrices are identical, and the function f (Eq. 2) is
not changed by a permutation of the parameters. Following Definition 4, this SAN is
therefore a SAN with multiple replicas.

3.5. How to detect replicas in a SAN model

Since large systems are often described with identical components, it is usual
to describe these identical components as replicas during the model specification.
So the partition 4 of replicated automata is usually given by the user during the
model specification phase. In fact, we just have to be sure that the properties of SAN
with multiple replicas (or with one replica) are checked for the user defined model.
Therefore we do not have to detect the subsets, because they are given by the model
itself.

The current implementation of replica detection in the PEPS software tool [1]
is based on the verification of properties for automata informed as identical during
the model specification. Specifically, to each set of automata informed as a replica
(using brackets []) any functional rates and probabilities are verified to comply with
Definition 4. Such verification is quite simple and its computational cost is irrelevant.

4. Aggregation of replicas

Now that we have introduced the notion of replicas in SAN, we can proceed to
model aggregation. In this following, we assume that we have an initial SAN and
a decomposition into subsets, as defined in Definition 2. Our goal is to obtain a
reduced Markov chain resulting from strong aggregation (the formal definition of
strong aggregation will be given in Section 4.2). Firstly, it is shown how aggrega-
tion intuitively works on a small example. After that, we prove that a SAN with
multiple replicas can be strongly aggregated. Finally, it is shown that the matrix of
the aggregated Markov chain can still be written as a tensor expression.
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Fig. 4. RS1—Np = 3 and Ny = 2—aggregated Markov chain.

4.1. Aggregation example

We show how aggregation works on the basic resource sharing model RS/ (Fig. 1,
Section 3.2), with N, = 3 processes and N; = 2 resources. This SAN is composed
of one replica, as shown previously, i.e., Z is the set of permutations of [1, ..., Npl.

All equivalent states of the initial SAN within a permutation of # (Definition 3)
are grouped into one state of the aggregated Markov chain. We can arbitrarily choose
one particular state to represent each group of global states, which we call equiva-
lence classes. Assuming 1 as the local state sleeping and 2 as the local state using, the
aggregated Markov chain of this example has four equivalence classes represented
by the global states (1,1,1), (1,1,2), (1,2,2), and (2,2,2). All the global states of the
initial SAN are equivalent to one of these states. We just need to know how many
processes are using the resources, but it does not matter which process(es) is (are)
using them. For example, being in global state (1,1,2) or (1,2,1) means that one
resource is currently used.

If C1 and C2 represent two different equivalence classes, the transition rate from
state C'1 to state C2 of the aggregated chain is obtained by summing up the transition
rates of the initial SAN from one original global state of C1 to all the original global
states of C2.2 The aggregated Markov chain for RS/ is represented in Fig. 4, and the
formal definition of aggregation is presented in the next section.

Notice that state (2,2,2) is not reachable (only two automata can use the resource
simultaneously). The state space of the aggregated Markov chain, denoted by S'agg,
may have some unreachable states, which can be suppressed, obtaining the state
space Sagg.

4.2. Strong aggregation of SAN with replicas
In this section we study the conditions of strong aggregation of SAN with replicas.

We consider a partition of the state space Q = (Qy, ..., 2r), and recall the definition
of strong aggregation [3,17,22].

2 We will see in the next section that the choice of the state of C1 in the initial SAN does not affect
the result.
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Definition 5 (Strong aggregation). A Markov chain can be strongly aggregated on
the partition £ if for any initial vector, the aggregated chain (whose states are €,
for y € [1,...,I']) is a Markov chain and the transition rates of this chain do not
depend on the initial vector.

Finally, a condition of strong aggregation is given by the following theorem of
Rosenblatt. A proof of this theorem can be found in [17].

Theorem 1 (Rosenblatt). Consider a continuous time Markov chain with state space
Q, and a partition of the state space Q = (Q1, ..., Qp). If, forall B,y € [1,...,T],
the probability of passing from a state x € Qg to ,, always has the same value for
each state x from Qpg, then the Markov chain can be strongly aggregated on the
partition €.

The transition rate from a state Qg of the aggregated chain to another state £,
B,y €1[1,...,I) is the sum of transition rates in the initial SAN from one state
of Qg to all the states of ©,. Due to the condition of Rosenblatt, we can arbitrarily
choose any of the states of €2g, and the result will not be affected.

We have seen the conditions needed to aggregate a Markov chain. We now inves-
tigate whether a SAN with multiple replicas can be aggregated, and prove that a
SAN with multiple replicas can be strongly aggregated. To do this, we first define
the partition of the state space that we want to consider in the theorem of Rosenblatt
(Definition 6), then introduce some notation, and finally prove that the condition of
Rosenblatt is satisfied for the considered partition (Lemma 1).

Definition 6 (State space partition). Two global states x and y (x, y € S ) are equiv-
alent if 30 € 2 o(x) = y. For both global states, there is in each subset the same
number of automata in a given local state.

The partition that we consideris Q = (21, ..., Qr), whereeach Q, (y € [1,...,I7])
corresponds to a class of equivalent states.

All the states in £,, are equivalent, so we can choose for each £2,, one particular state
ry € Q,, called the reference state, and for all other states x € Q,,, we can find a
permutation T € £ such that t(x) = ry.

Notation

e If x is a global state of the SAN, x® is the local state of &/(i), fori=1,...,N.
Notice that if t € 2, then 7(x)) = xT@),

o If Aisamatrix, i and j two indexes, then g;; represents the element of A on row
i and column j. It may be functional, and a;;(x) is the function evaluated for the
global state x.

e The descriptor Q described in Eq. (1) can be decomposed into three parts: Q =
L+ ,ces(Pe+ Ne) where the matrix L corresponds to the local part of the
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descriptor, Pe to the positive synchronization part for event e, and Ne to the
negative synchronization part for event e.

e If x and y are two global states of the SAN, g,, = Iy + Zeegs(pexy + neyy) is
the rate of passing from state x to state y.

e If x is a global state of the SAN and y € [1, ..., I'], then 4xq, is the cumulative
rate of passing from state x to one of the states of Q,: gxo, = Zyegy Qxy-

This can also be defined for the matrix L, and for Pe and Ne (where e € £5):
le,, = Zyer lxya prexq, = Z)’EQV Péxy, nexq, = Zyer néyy.

Notice that all states in €2, are equivalent within a permutation of 2, so we have
lva, = Y yeo, lxy = Xger Ixo(ry)- The same can be written for pe and ne.

Lemma 1. The Rosenblatt condition (Theorem 1) is satisfied for the SAN on the par-
tition Q = (Q1, ..., Qr) (Definition 6). In other words, forall B,y € [1, ..., ], the
probability of passing from a state x € Qg to Q,, always has the same value for each
state x in Qp:Vx € Qg qxo, = qrpo, (Whererfp € Qg is the reference state of Qp).

The proof of this Lemma is in the Appendix. With the application of the Theo-
rem 1 (Rosenblatt), the Markov chain underlying the SAN can therefore be strongly
aggregated on the partition Q.

The aggregated Markov chain is defined on the set of equivalence classes defined
by the permutations of 2 (Definition 6). These equivalence classes are built from
the product state space of the initial SAN which may contain unreachable states.
As a consequence, some of these equivalence classes may also be unreachable. Let
us denote by S‘agg this state space of equivalence classes (product state space of the
aggregated Markov chain).

4.3. Tensor expression of the matrix of the aggregated Markov chain

This section aims at showing how we can express the matrix of the aggregated
Markov chain as a tensor expression.

Recall that the descriptor Q of the initial SAN described in Eq. (1) can be decom-
posed into three parts: Q = L + Y, _,¢(P. + N,). L is a tensor sum; all P, and N,
are tensor products.

Let X and y be two global states of the aggregated state space (equivalence clas-
ses), and x € X be any of the global states of the equivalence class (it is a global state
of the original state space). The generator of the aggregated Markov chain, denoted
by Q, is defined by q’ff = Zyej; 4xy = Zoey dxo(y)-

Moreover, with the definition of Q, gxy = Iy + ), cs5(pexy + neyy), and finally

6};& = Z Lyo(y) + Z (Z Pexo(y) t Z ne_xo'(y)> .

ceP ecéS \oe? oe?
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Therefore, the matrix Q can be expressed as a sum of matrices: O=L+ Y eces (P, +
Ne), where, for each global state x and y, and fora = [,a = peora = ne (e € §9),

a5 = ) dro(y)-
oEP

Now we consider a lumped version of each matrix A (A can be any of the matrix
L, P, and N,, where e € &5), denoted by A. This lumped matrix (defined in the
following) is a tensor expression, obtained by the aggregation of each subset of rep-
licated automaton. The equivalent SAN obtained is not defined there, we work only
on the matrix expression of this SAN.

We want to prove that Q0 = L + Y ecs S(f’e + N,), where Q is the matrix of the
aggregated Markov chain. So, we will have a tensor expression of 0.

To prove this, we work on each term a, where a can be [, pe or ne (e € £S5), and
we show that az5 = axj.

We consider first the tensor products P, and N,, for e € &S. Then we explore the
case of the tensor sum L.

N .
e Let A be one of the tensor products P, or N, e € £S: A = ®g Q(’).
i=1
Let x and y be two global states. With the definition of generalized tensor product,
N () ~ N (i)
wehaveayy =[], qxl(f)ym (x).80455 = 5 e Axo(y) = Doer | iz qxl(i)(,(y<i>)(x)~

Recall that o can be expressed as a combination o = (o1, ..., o) (Definition 3).
So we have
N
~ (@)
5= ) o D l_[qx(i)d(y(i))(x)'
01€2 ox Pk i=1

If we decompose the product into subsets, we can replace in the product term, o
by the corresponding oy, where i € [1, ..., K], and factorize the independent terms:

K
a5 = 1_[ Z l_[ q)El(?)gh(y(i))(x) . 3)
h=1

0hEPy ieSIy,

Then let us define the lumped matrix A.

Definition 7. Let us consider a SAN with N automata and a partition ¥ (Defini-

tion 2). Then, let A be one of the tensor products of the generator of the SAN, A =
N

®, 0.
i=1 .
The lumped matrix A is defined as a tensor product of K matrices:
A= Al
X,

hell,...K]
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where Ah, h e[l,..., K], is defined by
~h =\ (i) ~
@5, = 3 [T 000,00, ®:

op€Pp ieS]y

Recall that ¥ = (&, ..., Xx) = G0, ..., M),
Then we have
K K
NUEE o Y RN 0 -
dxy = l_la;:hf’h (*) = 1_[ Z 1_[ qx(i)ah(y(i))(x)' S
h=1 h=10,€2) i€S]),

Due to the properties of the functions, when we evaluate them with all x € X, we
always have the same result, so formula (3) and (4) are equal, which prove the result
az j = a i

N .
e Now, let A be the tensor sum L: A = @g 0.
i=1

Let x and y be two global states. With the definition of generalized tensor sum,
we have

NG 3
dry = Dict Gy i DA () y0), Where™ Ao yiiny = T, v, ji Sxyi-

- N (i)
So0dzs =D seplro(y) = Doer 2izl qxu)g(y(i))(X)A(x(”,c(y(”))'

Notice that the only o = (01, ..., o) giving a non-zero result for A o) 40
are such that only one of the 05, h = 1, ..., K, is not the identity (denoted by id).
Letop, = (id, ..., op, ..., id) be such a permutation. Then we have:

K

N
s (@) ) )
azz = | Do D 40500 @60 500
h=1 \o0,€2) i=1
A 5,(yy) can be non-null only for i € SIj, so finally,
K
P @) ) )
as=y | 2 ) UNGPRNENCOZINCIEARCHY B o)
h=1 \o,€2ieS],

Then let us define the lumped matrix A.

Definition 8. Let us consider a SAN with N automata and a partition 4 (Defini-
tion 2). Then, let A be the tensor sum of the generator of the SAN,

N
_ (@)
A= @g 09,
i=1

3 8up = lif u = v, and 0 otherwise.
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The lumped matrix A is defined as a tensor sum of K matrices:

A= @ A

hell,...K]

where Ah, h e[l,..., K], is defined by

~h “\ @) ~\ 4h
a)zhfh(x)_ Z Zqx“)cr;,(y("))(X)A(x(i),oh(y(;)))

ope?p ieSly,
and A" =T1; 2 8y
(@, yy = LljeSy,, j#i x(Dy()-

Then we have

h=1
K

— @) =\ qh

- Z Z Z qx(i)ah(y(i))(x)A(x(")VUh(yu))) 1_[ Sxpye- (6)
h=1 \ane2, ieSl, Kellyon K 1,ksh

h

In Eq. (6), the product [, GO0 0ey)

equivalent to the A(x(”,a;, () defined for Eq. (5).
The two formula are therefore identical, and az5 = axj.

K1, kth Sxiy, multiplied by the 4 is

,,,,,

Tensor expression of Q ~ A A .
We have proved that Q = L + )", ,¢(Pe + N,), and with the expression of the
different lumped matrix, we have

0= @g L'+ Y ®g B+ ®g x."

hell,....K] €€6S \pe[l,....K] hell,....K]

and all the matrices A" have been defined above (Definitions 7 and 8).
Thus, we obtain a compact representation of the aggregated Markov chain, as if
each subset has been aggregated in an independent way.

5. The benefits of aggregation

We have seen that we can strongly aggregate a SAN with multiple replicas, but
we still need to see what benefits it brings in order to justify this aggregation. We
present at first some theoretical results, then we show the benefits of aggregation on
practical examples.
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5.1. Theoretical results

Consider a SAN composed of one replica with N automata, and let M be the num-
ber of states per automaton (it is the same for all automata because of the replication).
The total number of states of the SAN is then M " . We wish to calculate the number
of states of the reduced Markov chain. Notice that we do not take unreachable states
into account, and some states of the aggregated Markov chain can be removed (as
seen in the examples).

For a given global state of the initial SAN, let us denote by na,, (m € [1, ..., M])
the number of automata that are in state m. the number of integer solutions of the
equation Z,A,le na, = N, whichis [18]

N+M-1 (N+M-1)!
( M—1 )‘ NI(M — 1)!

Aggregation is beneficial only when there are several automata. For example, if we
aggregate a SAN with N = 2and M = 5, we have initially 5> = 25 states and we ob-
tain 15 states after aggregation. For large values of N, it becomes much more interest-
ing. For example, when N = 100 and M = 5, we obtain an order of 4.6 million states
after aggregation, instead of the 5'%° ~ 1070 initial states. If we have N automata with
2 states each, we have initially 2% states, and only N + 1 after aggregation.

Aggregation is useful for large SAN models, and it can be observed that in these
cases, the state space reduction is significant. We have drawn some curves that show
the state space reduction: percentage of the aggregated product state space size com-
pared to the original product state space size, function of N, for different values of
M (Fig. 5).

For N > 10, the size of the aggregated state space is negligible compared to the
size of the original product state space, and the reduction is more significant for
larger values of M.

For a SAN with multiple replicas, we have for each subset h €[1,..., K]

%/’__&! aggregated states (M), is the number of states of the automata of the sub-
& T T T T T
100 x [Szge] M=2 —
‘ | 100 M=3 - _
M=6 -—--
80 .
60 .
40 .
20 .
0 1 1
12 14 N

Fig. 5. State space reduction.
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NpA (Np = N + 1) 0 0
-7 = =~ \
e o0 e o 0 Np
» Nep (Nr +1)p Npp
Fig. 6. RS1—aggregated Markov chain.
. —1)!
set 1, and Rj, the number of replicas), what makes a total of nle % states.

For example, if we have 2 subsets of R automaton, each having 2 states, and K
other subsets containing only one automaton with M states each, we have initially
2R x 2R » MK states, and only (R + 1) x (R + 1) x MX states after aggregation.

5.2. Numerical results

This section aims at showing the practical benefits of aggregation through a few
examples. At first, we introduce some examples, and then we summarize the results.

RS1 and RS2. These models have already been described in Sections 3.2 and 3.4.

Fig. 6 shows the aggregated Markov chain for the RS/ model.* State i (i =
1,..., Np) corresponds to the state i processes are using a resource. The part with
dotted lines correspond to the unreachable states, it can be suppressed from the
Markov chain. .

The size of the SAN before aggregation is |S| = 2™ and |S| = Z,N:ro (A:")

The size of the aggregated Markov chain is |3‘agg| = Np + 1, and when we sup-
press the unreachable states, |Sage| = Ny + 1.

For the RS2, the aggregated state (iq,...,ix) means that i, processes of the
group h (h =1, ..., K) are using a resource. Some numerical results will be pro-
vided, showing the reduction of the state space in some special cases.

Resource sharing model with failure—RS3. This model is similar to RS/, except that
the system may fail. Each of the N, processes has an additional state fail, and can
go to this state via a synchronizing transition from both states sleeping and using.
The event evtg,) (rate Ar) corresponds to a failure of the system. The occurrence of
the event evtyep (rate A;) means that the system has been repaired, and then all the
processes are back in state sleeping.

An additional automaton represents the state of the system, it can be failure or
active. Transitions from one state to another occur with evtg,; and evtyep. The other
events are the same as those of RS/ (Section 3.2). This model, which we shall call
RS3, is graphically illustrated in Fig. 7. It is a SAN with two replicas, the first one
consisting in automata .o/ (i), i=1,..., Np and the second one consisting only in
automaton .7 VD).

4 In fact, Fig. 6 is a generalization of the model in Fig. 4.
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A(N,,+1)

evtfail

failure
activ

evlrep

replicated N, times

Fig. 7. Resource sharing model with failure—RS3.
(Np — N + 1)

. Nr

Fig. 8. RS3—aggregated Markov chain.

Fig. 8 shows the aggregated Markov chain (without the unreachable states). State
i (i =1,..., N;) corresponds to the state i processes are using a resource, and state
fail corresponds to the failure of the system.

The size of the SAN before aggregation is |3‘| =2%3%and|S| =1+ Zf\io (Al’p)
(one more state than for RS/, corresponding to the global state the system is in failure).

The size of the aggregated Markov chain is |.§agg| = (Np +2)(Np + 1), and when
we suppress the unreachable states, |Sygq| = Ny + 2.

On/off sources model—OS. This fourth model presents a case in which s on/off
sources feed a limited capacity (C requests) queue. The SAN for this model is
represented by s 4 1 automata. Each source is represented by a two-states automaton
(local states on and off), and an additional automaton with C + 1 states. The arrival
rate of the queue is a function of the state of the sources automata, and the service rate
is a constant value p (rate of the event evty). We consider two groups of sources, the
first with s; sources (automata 1 to s1), and rate A, and the second with s) = 5 — 5]
sources (automata s; + 1 to s), and rate L. These source rates shall be added to the
arrival rate when the source is in the state on. Then the rate of the event of arrival in
the queue evt; is

s

Al i 5 <st(,szi(i) —= on)) Y8 (n(,;z/“) — 0n)> .

i=1 i=s;+1
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AW e . e A
off off
ent) e
evt) evt®
On On
_A(s+1)
/e'Utt\ evty evts evtt
ONRONRERNE-TC
-
evt, evts evts evtg

Fig. 9. On/off sources model—OS.

Fig. 9 illustrates this SAN model. The events evtgi) and evtg) have constant rates,
depending only of the type of source (group 1 or group 2).

This model has three subsets (K = 3), and the first and second subsets can be
aggregated. The first subset aggregation results in an automaton with s; + 1 states,
and the second subset aggregation results in an automaton with s, + 1 states. The
reduced state space is then |§agg| =(s1+ 1) x(@s2+1) x (C+1), instead of the
original state space |3'| =2x(C+1).

Cluster with Bus Communication—CB. This fifth model represents a cluster with N,
processing nodes with a simple behavior:

each node i alternates from idle (Id(i)) to processing (Pr®) state;

e being in the idle state a node can pass to transmission (Tx) state if no other
node is already transmitting; or it can pass to reception (Rx!) state if there is
another node transmitting;

e after transmitting or receiving each node returns to idle state regardless of the
state of the other nodes.’

Such model could be seen as a simple description of UDP protocol over a shared
bus, or other communication protocol in which there is no need of commitment
between send/receive connections. Despite the application of such model, our inter-
est in this paper is the description of a SAN with N}, automata with four states each.
This replicated automata model is represented in Fig. 10. All events in this SAN are
local, but events lg') and lgl) must be defined with functional rates (the other events
have constant rates), respectively:

5 According to such behavior it is not necessary to synchronize nor the beginning, neither the end of
transmissions.
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Fig. 10. Cluster with bus communication replicated automaton—CB.

N, . . . . .
° (Z,:p] 8(st(AV == Tx(l)))> = 1 in order to grant access to reception state if
there is one node transmitting; and
N . : . .
° (Ziz"] S(st () == Tx(’)))> = 0 in order to grant access to transmission state

if no node is already transmitting.

When all nodes have the same rates this model is a SAN composed of one replica.
Only the global states in which only one node, at most, is transmitting are reachable,
ie.

NP
reachability = | > 8(st (/) == TxV)) | < 1.

i=1

Numerical results. We present here some numerical results obtained with the
software package PEPS [1] aggregating and solving the presented examples. The
aggregation of replicas was automatically performed by PEPS using the model spec-
ification information (see Section 3.5), and the lumped SAN models were stored in
the tensor format (see Section 4.3). The computer used to run the examples was an
IBM-PC running Linux OS (Mandrake distribution, version 8.0), with 1.5 Gbytes
of RAM and with 2.0 GHz Pentium IV processor. The indicated processing times
do not take system time into account, i.e., they refer only to the user time spent to
perform one iteration,® in order to compute the steady-state probabilities.” A time
of 0 s means that the time is negligible (less than 10~* s). An indication — means

6 The number of iterations may vary according to the chosen numerical input parameters. However,
the time to perform one iteration is not affected by the choice of numerical parameters. The solution
method used to compute results was power iteration, but the other methods available in PEPS (Arnoldi and
GMRES) have a quite similar time costs per iteration that depends on the cost of one vector-description
multiplication [12].

7 The technique presented in this paper is probably also useful for transient analysis. However, our
interest here is limited to stationary solution, since this is the only solution formally defined for SAN
models and implemented in the PEPS software tool.
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Table 1

Numerical results

Model Initial SAN Aggregated Markov chain
Ky S| Time Sage|  |Sagel  Time

(s) (s)

RS1 1,048,576 616,666 15.7 21 11 0.000

Np =20, Ny =10

RS1 - - 10,001 8001 0.004

Np = 10,000, Ny = 8000 210,000

RS2

K=2N=10 1,048,576 616,666 15.7 96 51 0.000

R =5 Ry=15

RS3 6,973,568,802 616,667 - 462 12 0.000

Np =20, Ny = 10

oS

51 =12,50 =4, K4 = 1000 | 65,601,536 65,601,536 101.5 65,065 65,065 0.032

oS

51 =38,5, =8, Kg = 1000 65,601,536 65,601,536 101.5 81,081 81,081 0.034

CB 16,777,216 2,657,205 72.6 455 169 0.000

Np =12

CB 1,073,741,824 86,093,442 - 816 256 0.000

Np =15

that PEPS was unable to solve the model (too many states). It is important to notice
that only the processing times to compute the solution were indicated, since it is not
necessary to disaggregate the solution vector on to the unaggregated state space. In
fact, the computation of the result functions performed by PEPS (integration over
the probability vector) works over the lumped state space.

The results in Table 1 show that aggregation always produce a significant state
space reduction. This is true even when the original product state space is equal to
the original reachable state space (model OS). The cardinality of the subsets, as in
the two OS models presented, has little effect when compared to the gains achieved
by the aggregation technique. The time required to compute performance indexes
for this model becomes quite negligible. Taking replicas into account can even make
possible to solve problems that were too large before, as the proposed RS3 model,
the RSI model with N}, = 10,000, and the CB model with N, = 15. In fact, the last
OS with a little bit more than 65 million states is the largest model directly solved
by PEPS until now. Larger models can be solved, but with the current computational
power, and specially the current memory limitations, there is no much room to handle
larger models, unless some aggregation technique, like ours, is employed.
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6. Conclusions

In this paper, we have defined SAN models with replicas, and have exposed a tech-
nique to aggregate such models. We proved a theorem showing how strong aggrega-
tion can be performed, and how the matrix of the aggregated Markov chain can be
expressed as a tensor expression. The theoretical benefits of such an aggregation are
also presented and verified by the numerical achievements of the implementation in
the PEPS software tool.

It can be shown that a SAN with replicas is also exactly lumpable over the same
partition [2]. The proof is very similar to the proof of Lemma 1 (Section 4). This
property (exactly lumpable) allows to compute the probabilities of the initial model
knowing the probabilities of the aggregated system.

Notice that the subsets of replicated automata have to be defined at the high level
specification. This is often a fake problem since the replicas are usually known when
modeling a particular system.

The implementation of the automatic generation of the aggregated Markov Chain
in PEPS proved the efficiency of the proposed technique. The implemented algorithm
generates the tensor expression of the matrix very quickly (much faster than the time
spent by one single iteration). The resulting tensor expression is usually much more
compact, so we can compute the numerical solution with an impressive reduction of
CPU costs.

In this paper, we work only on the matrices describing such SAN to prove that
the matrix of the aggregated Markov chain can be expressed as a tensor expres-
sion. We could as future work define formally an equivalent SAN resulting from the
aggregation of each subset.

Finally, we plan to work on applications, e.g., communication protocols, to exper-
iment those new techniques on real and large systems with a significant number
of replicas. Many models in communication could not be solved by SAN due to
the limitation of the product state space size, but we do believe that the proposed
technique can boost the use of SAN to such practical cases.
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Appendix: Proof of Lemma 1

To prove Lemma 1, we decompose the problem into two parts, corresponding
respectively to the local part of the descriptor (Lemma 2) and the synchronizing part
(Lemma 3).
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Lemma 2. Forall B,y € [1, ..., I'], the probability of passing from a state x € Qg
to Q, with a local transition always has the same value for each state x in Qpg:
Vx € Qg lxgy = lrﬂgy.

e Proof of Lemma 2
Let B,y €[1,...,T'], x € Qg and let T € Z be the permutation such that x =
T(rp).

With the definition of a generalized tensor sum [10,26], for y € ,,, we have
N N
(@)
lxy = Z ql x @Dy (x) 1_[ 8x(.i)y(j) s
i=1 j=1,j#i
where Ql(i) is the local transition matrix of automaton .o/ (i), and §,p, =1 ifu = v,
and O otherwise.

In order to simplify the notation, let us define Ax(i)y(i) = I—[?{:]’j#i ng)y(j). Then
we have
N
(@)
leV = Z lxy = Z lxa(ry) = Z qu x(i)ry(”(i))(x) Ax(i)ry(a(i))-

yEQ, o€P 0€? i=1

Moreover, we have x = t(rf3), so

N
lyo, = Z qu(l,)ﬂ(m)) py (@) (T(B)) Arpecn 1y iy

oe? i=1
Now decompose the equation for each subset of the SAN. Recall that the matrices
of asubseth € [1,..., K]areallidentical to Q( ;). Moreover, foro € 2,letp € 2

be the permutation ¢ = o o ~!. Then o = ¢ o T and when o goes through 2, ¢
does the same (in a different order). Because of the commutativity of the sum, we
can replace ., with }° . Then we have:

K
lya, = Z Z Z G, k) rpED pywor) (TTB)) Apgc oot -

pe? h=1i€eS],

The functions are not changed by a permutation of #2, and v € £, so we can
replace t(rf) by rf in the above equation. Moreover, for each subset /2, when i goes
through SIj, 7(i) does the same but in a different order (it is a permutation inside the
subset). Because of the commutativity of a sum, we can change the order and replace
7(i) by i in the equation:

K
lya, = Z Z Z 91,k rBD 1y @@ TB) Apgi) i

pe? h=1ieS],
N
_ ZZ @) (rB) A ai )
= 9) 1) ry 0@ B ry@l)) -
pe? i=1

Finally, ZXQV = Zgoey Lg oryy =1rp Q- U
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Lemma3. Forall B,y €[l,..., I, the probability of passing from a state x €
Qg to Q, with a synchronizing transition always has the same value for each state x

in Qg :Vx € Qg Zeeﬁs(l’exﬂy +nexq,) = Zeegs(PerﬂQy +nerpo,).

e Proof of Lemma 3

Letee &S, B,y ell,...,I'], x € Qg and let T € 2 be the permutation such
that x = 7(rB). We prove first that perq, = pe,gq,. The proof for ne is similar.

With the definition of a generalized tensor product [10,26], for y € €,, we have
pexy = ]_[lN= 1 qi’l 20y (x), where Q((;J)r is the positive synchronization transition
matrix of automaton .7,

Moreover, x = 7(rf3), so we have

N
pexq, = Z Péxy = Z Plxo(ry) = Z l_[q:i FBE@D) 1y D) (t(rB)).

YEQ, oeP oe?i=|

Now decompose the equation for each subset of the SAN. Recall that almost all
the matrices are identical inside a subset g € [1, ..., K]; we denote them by Q.+ ¢)-
There is only one particular matrix in one of the subsets equal to f. Q (.4 ,¢), Where
fe 1s the transition rate of the event (definition of SAN models with replicas).

Foro € 2, let g € 2 be the permutation ¢ = ¢ o 7~!. Then 0 = ¢ o v and when
o goes through 2, ¢ does the same (in a different order). Because of the commuta-
tivity of the sum, we can replace ) ., with ) pe»- Then we have:

K
pexo, = D [T £GEB) T deerny rpcn ryorin ((rB))

pe? h=1 ieSIy,

The functions are not changed by a permutation of Z, and v € 2, so we can
replace t(rf) by rp in the above equation. Moreover, for each subset /2, when i goes
through SIj, 7(i) does the same but in a different order (it is a permutation inside
the subset). Because of the commutativity of a product, we can change the order and
replace t(i) by i in the equation:

K
pexa, = Y [T £e0B T deermy rpor ryiwinB)

pe? h=1 ieSly,
N
_ @)
= Z 1_[ Do 1) ytoin TP)-
pe?i=1

Finally, pexa, = 3 ,cs Perp o(ry) = Perp 0, -
In a similar way, we can prove that ne, Q, =nepq,. This is true for all events e €

&S, so we finally have ), s(pexa, +nexq,) = Y .cpos(Perpa, +nempa,). O
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e Proof of Lemma 1
Let B,y €[1,...,T'], x € Qg and let T € Z be the permutation such that x =

T(rp).

With the decomposition of O, we have

qxQ, = Z qxy = Z lxy + Z(pexy "f‘nexy)

YEQ, YEQ) ecéS
St X X pe+ X nen
YEQ, ecsS \yew, YEQ,

= ley + Z (Pery + nery)~
e€ssS

With the application of Lemmas 2 and 3, we finally have

4xe, = lrpa, + Z (perpa, +nerpa,) = qrpa, - U
ecéS
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