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Abstract In the year 2010, Hermanns and Katoen [13] defined and published the probabilistic
strong forward bisimulation on Interactive Markov Chains (IMCs), which allows a reduction
of the system’s state space while, for instance, preserving time-bounded reachability
probabilities. Since realistic systems consist of millions of states, it is of crucial importance
to algorithmically and efficiently reduce their state spaces without too much loss of
information provided by the original model, such that a more efficient verification in time
and space can be performed on the minimized system. Great effort has already been put
in the analysis of the probabilistic forward bisimulation and its property preservation
abilities [11}[13,23] and to the best of our knowledge, a probabilistic backward variant
definition and analysis on particular properties (specified in Continuous Stochastic Logic)
solely exists for Continuous-Time Markov Chains (CTMCs) [21], which do not exhibit
nondeterministic behavior. Thus, the central challenge of this Master’s thesis focusses
on the definition of a probabilistic strong backward bisimulation relation on IMCs and to
give proofs or disproofs for the preservation of three probabilistic timed properties, i.e.
minimum and maximum timed reachability, expected-time and long-run average.

Zusammenfassung Die von Hermanns und Katoen [13] im Jahre 2010 definierte
und publizierte probabilistische starke vorwirts Bisimulation auf Interactive Markov Chains
(IMC:s) erlaubt eine Reduktion des Zustandsraumes des Systems und erhélt dabei wichtige
Informationen wie beispielsweise zeitlich-begrenzte Erreichbarkeitswahrscheinlichkeiten.
Da realistische Systeme aus millionen Zustdnden bestehen, ist es von duflerster Wichtigkeit
den Zustandsraum algorithmisch und effizient minimieren zu konnen, ohne dabei die
zu untersuchenden Eigenschaften des Eingangsmodells zu kontaminieren, sodass mit
effizientem Zeit- und Platzaufwand das minimierte System verifiziert werden kann.
Die probabilistische vorwérts Bisimulation wurde intensiv erforscht, insbesondere im
Hinblick auf die Erhaltung diverser Systemmerkmale [11,/13, 23] und uns ist beziiglich der
Riickwirtsvariante lediglich die Definition und die Analyse auf bestimmte Eigenschaften
(spezifiziert in Formeln der Continuous Stochastic Logic) fiir Continuous-Time Markov
Chains (CTMCs) bekannt [21], die jedoch kein nichtdeterministisches Verhalten aufweisen.
Die zentrale Aufgabe dieser Masterarbeit konzentriert sich daher auf eine Definition der
probabilistischen riickwirts Bisimulation auf IMCs, sowie das Beweisen oder Widerlegen der
Erhaltung dreier probabilistischer zeitabhdngiger Systemeigenschaften, die minimale und
maximale zeitabhdngige Erreichbarkeit, erwartete Zeit und langfristige durchschnittliche
Zeit.
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1. Introduction

In 2002, Hermanns published a book [12] where he introduced the model of Interactive
Markov Chains (IMC), which, on the one hand, extends conventional Labeled Transition
Systems (LTS) by exponentially distributed delays, i.e. next to action transitions there is

a second type called Markovian transitions of the form s L5t with A € Rso being the
parameter of the negative exponential distribution that conducts the random delay. On
the other hand, it allows for nondeterminism and compositional modelling [23]. Omitting
Markovian transitions leads back to classical LTSs, whereas dropping action transitions
results in Continuous Time Markov Chains (CTMC), which represent “the simplest but
also most widespread class of performance and dependability models” [13]. However, they
lack of the support of nondeterminism and compositional modelling [23] but there exists a
variety of performance and dependability analysis tools (e.g. [1], [14], [17], etc.).

Markov Chains form the underlying semantics of formalisms like stochastic Petri nets [3]
and stochastic process algebras [12], [15], which are used to model systems with nontrivial
probabilistic behavior [21]]. An Interactive Markov Chain is one of these semantical models
and Zhang and Neuhédufler [23] and Katoen et al. [16] developed algorithms for analyzing
and minimizing these systems, as it is of crucial importance to keep them as small as
possible if analyses are to be performed in an acceptable amount of time. In 2010, Hermanns
and Katoen [13]] published a paper that defined a probabilistic bisimulation relation on
IMC:s that groups its states into bisimulation-equivalent sets and thus, can be used for state
space reductions of IMC models. Due to the compositional nature of IMCs and the fact that
the authors’ definition of bisimulation is a congruence wrt. parallel composition, huge IMCs
can be minimized in a component-wise manner without the loss of (e.g.) time-bounded
reachability properties. Sproston and Donatelli [21]] developed a probabilistic bisimulation
relation (pbb, for short) on CTMCs in 2006 that is not defined in the traditional forward
manner but rather in a backward one. Roughly speaking, states s and ¢ are identified to be
bisimilar whenever they exhibit an equivalent (in the sense of the bisimulation relation)
background, i.e. for every equivalence class C, if C reaches s by some rate A, then so is t,
and vice versa. It has been proven that the bisimulation quotient of a given CTMC model
preserves a fragment of the Continuous Stochastic Logic (CSL) (see [19], [21]], [23]), which
specifies complex properties of interest referring to the performance of stochastic systems.
Mainly these two innovative approaches opened a research question that, to the best of
our knowledge, has not been investigated yet. The leading question is whether we can
define a probabilistic backward bisimulation relation on Interactive Markov Chains that
permits minimization of the system by minimizing its individual components without
(too much) loss of information, such that model checking algorithms performed on the
quotient return reliable and quantifiably precise solutions. Of course, since Sproston and
Donatelli [21] have shown that pbb on CTMCs preserves a subclass of CSL, we cannot
expect the probabilistic backward bisimulation on IMCs to preserve full CSL formulae. As a
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matter of fact, in this thesis we will find out that a component-wise minimization according
to the equivalence conditions this relation entails, reveals an origin-equivalent model
only in very restrictive settings and does not preserve even the basic properties, such as
timed reachability probability, expected time and long-run average (Definitions see [11,23]).

The thesis is organized as follows. In Chapter 2 the reader is provided with an overview
on the current state of the art and with the mathematical tools and definitions used
throughout this work. Chapter 3 gives a definition of a probabilistic backward bisimulation
on IMCs and of the corresponding quotient system that is obtained when bisimulation is
applied. We further investigate under which circumstances original and quotient system
are bisimilar in the sense of our previously introduced bisimulation relation and show that
pbb is a congruence wrt. parallel composition. The chapter is concluded with the exhibition
of the main differences to the forward variant of Hermanns and Katoen [13]]. Chapter 4
focusses on the quantitative timed analysis of original and reduced IMC and provides
counterexample for three properties that are not preserved in the quotient system. Chapter
5 summarizes and concludes this thesis.



2. Preliminaries

In the following, we will give a short overview of the current state of the art concerning the
analysis and model checking of Interactive Markov Chains. Afterwards, an introduction to
mathematical tools and notations will be provided, which are used throughout this thesis
and which are based on or taken from the approaches of [11}13}18-20,]23]].

2.1. State of the Art

The introduction of Interactive Markov Chains in 2002 by Hermanns [12] “as an orthogonal
extension of Labeled Transition Systems and Continuous Time Markov Chains [1] [...]
received attention in academic as well as industrial settings [4], [6], [7]” [23]. Until 2010,
however, model checking IMCs was restricted to those that could be transformed into
CTMCs, for which Baier et al. [1] have proven that the CSL model checking problem for
rational time-bounds is decidable and tools like PRISM [17] and E + MC? [14] implement
algorithms for CSL model checking. This problem was solved by Zhang and Neuh&ufser [23]],
who presented an efficient algorithm for verifying CSL formulae on IMCs that is linear in
the size of the formula to be checked and quadratic in the size of the IMC. Furthermore,
they provided a fixed point characterization for IMCs to compute the maximum/minimum
timed reachability probability. In the same year, Hermanns and Katoen [13] gave a formal
definition of strong and weak bisimulation relations for IMCs that allowed to minimize
the model at hand efficiently in a component-wise manner, while preserving, e.g., time-
bounded reachability probabilities. Guck et al. [11] presented algorithms “for determining
the extremal expected time of reaching a set of states, and the long-run average of time
spent in a set of states”. Guck also implemented the tool Interactive Markov Chain Analyzer
(IMCA) [10], which investigates the system on time-bounded reachability, interval-bounded
reachability, unbounded reachability, expected time, expected steps, long-run average, etc.
The master’s thesis by Sazonov [20] in 2013 focussed on the property preservation under a
number of probabilistic forward bisimulation relations, such as strong, naive weak, weak,
and branching bisimulation, on Markov Automata (MA) of which IMCs are a submodel. It
turns out that the quotients under strong, naive weak, and branching bisimulation preserve
minimum expected time and minimum long run average for MAs and hence, for IMCs.
Without going into detail, we summarize that, for the weak case, this only holds under
certain conditions like the existence of at least one Markovian state within the set of goal
states for minimum expected time.

In 2006, Sproston and Donatelli introduced a backward variant of probabilistic strong bisim-
ulation on CTMCs, a submodel of IMCs. This equivalence relation turns out to preserve
a fragment of CSL, namely those formulae that are probabilistic or steady-state operator
nesting-free, and the probability of a class in the quotient CTMC of satisfying a formula
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within this subclass “is the average of the probabilities of satisfying the formula in the
constituent states of the class” [21].

Altogether, these very positive and promising approaches in research fields closely related
to that of IMCs, motivated for a definition of a probabilistic backward bisimulation on
Interactive Markov Chains.

2.2. Interactive Markov Chains

An Interactive Markov Chain (IMC) is a Labeled Transition System, which consists of states
connected via action-labled transitions for communication and synchronization purposes
and/or Markovian transitions, which are labeled by rates of exponential distributions and
thus enable to compute probabilities with regard to the system’s future behavior.

DerFINITION 2.2.1 (INTERACTIVE MARKOV CHAIN (IMC))
An Interactive Markov Chain is a tuple I = (S, Act, —, =, 50, AP, L) where

e S is a nonempty, finite set of states with initial state sg € S,

Act is a finite set of actions,

e — C SXAct xS is set of interactive transitions,

e — C S X IR, X Sisa set of Markovian transitions,
e AP is a set of atomic propositions, and

e L:S — 247 s alabeling function.

In the following, we will assume for each IMC I = (S, Act, —,=,50, AP, L) that its initial
state sg is labeled by the special atomic proposition z with z ¢ AP, such that z € L(sp) C
AP @ {z}. This will be important in context of defining equivalence relations and classes on
the given IMC(s).

An interactive transition (s, a,t) € — is abbreviated by s 2, t, a Markovian transition

(s,A,t) € = is abbreviated by s SN t. The denumerable set of actions Act = { a,f,... }
inherits special interactive actions, the so-called internal interactive actions, denoted (e.g.) 7,
which model unobservable system behavior and which are not subject to any interaction.
The set of internal actions is denoted by Act; C Act. Let Act(s) = {a € Act| At € S.s 2t }
denote the set of enabled actions if s € IS, and Act(s) = { L } if s € MS. Next we classify states
according to their outgoing transitions.

DEFINITION 2.2.2 ( CLASSIFICATION OF STATES )
Let I = (S, Act,—,=>,50, AP,L) be an IMC, IT(s) and MT(s) be the set of interactive, resp.
Markovian transitions leaving from s € S. Then:

e sis interactive if IT(s) # @ and MT(s) = 0

e sis Markovian if IT(s) = @ and MT(s) # 0
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e sis hybrid if IT(s) # 0 and MT(s) # 0
e sisdeadlock if IT(s) = 0 = MT(s)

Let IS € 5, MS C S, and HS C S denote the interactive, Markovian, and hybrid states
in IMC 7, respectively. If all states s € S are interactive, i.e. IS = S, then I is a Labeled
Transition System (LTS). If all states are Markovian, i.e. S = MS, then I is a Continuous-Time
Markov Chain (CTMC). We assume the reader to be familiar with syntax and semantics of
LTSs (otherwise see Baier and Katoen [2], Chap. 2) and directly provide the semantics of

Markovian transitions. A Markovian transition s é t intuitively means that from states € S
of the IMC 7, state t can be reached in one step within d time units with probability 1 —e 4.
The positive real value A thus uniquely identifies a negative exponential distribution. Let

R(s,t) = Y{ Al s 2 } with s € MS, be the rate to move from state s to state t. The race

e . .. A A
condition is the competition between two (or more) transitions s =5 t; and s => 1, of state
s € MS, where the probability of IMC 1 to switch to a direct successor state t; or t; is positive
in both cases, i.e. R(s, 1) = A; > 0 and R(s,t2) = A2 > 0. In this case, the probability that a

. e A . . .
certain transition s = t is taken, or, equivalently, wins the race, does not solely depend on
the transition’s rate but also on the rates of all other transitions emanating from s. Formally,
we obtain that the probability to move from s to f within 4 time units is given by:

R(s, t)
EGs)

where E(s) = Y ;s R(s,t) denotes the exit rate of state s. Intuitively, it states that after a

delay of at most 4 time units (second term), the IMC I moves probabilistically to a direct

successor t with discrete branching probability P(s, t) = I;(fs’;).

(1 - ¢ By, (2.1)

Note that throughout this thesis, we assume that the given IMCs are finite, finitely
branching IMCs, and have no deadlock states.

DEFINITION 2.2.3 ( MAXIMAL PROGRESS )
In any IMC, internal interactive transitions take precedence over Markovian transitions.

Internal interactive transitions are not subject to interaction with the IMCs environment
and hence, they can occur immediately and will not be delayed. In contrast to that, the
probability of a Markovian transition to trigger instantaneously is zero. As a consequence,
all Markovian transitions of hybrid states s € HS can be safely eliminated without altering
the IMC’s semantics.

DEerFiNITION 2.2.4 ( CLOSED IMC)

An IMC I = (S, Act,—,=>,5s9, AP, L) is closed if for each state s € S it holds that IT(s) # @
implies MT(s) = 0 and Act = Act;. Then, HS = ) and S = MSUIS and all actions are internal.

Closed IMCs are not subject to any further synchronization with their environment and
hence, all interactive transitions are assumed to be internal.

DEFINITION 2.2.5 ( ZENONESS )
A closed IMC I = (S, Act,—,=,50, AP, L) is zeno if it contains a strongly connected com-
ponent with states T C IS, which is reachable from the initial state sp.
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Intuitively, an IMC 7 is zeno, if it can perform infinitely many actions in a finite amount of
time. As this behavior is unrealistic and a consequence of modeling flaws, in the rest of this
thesis we assume all closed IMCs to be non-zeno.

DEFINITION 2.2.6 ( PARALLEL COMPOSITION )
Let 7; = (S;, Acti, —i,=i,50,i, AP, L;) be two IMCs. The parallel composition of 71 and 1,
w.r.t. set A of synchronization actions is defined by:

Ty l|la I = (51X Sy, Acty U Acty, —, =, (50,1, 50,2), AP, L),

where L({s1,52)) = (L1(51) U La(s2))\{ z } if 51 # 50,1 Or 52 # s0.2 and L({s1,52)) = La(s1) U La(s2)
otherwise. The transition relations — and = are defined as the smallest relations satisfying

1) s1 Lspandsy —>syanda €A, a# 1T implies (s1, s2) = (s17,827)
(2) s1 Sspanda ¢ A implies (s1, 52) = (s17,52) for any s € Sp

3) s2 = sy and a ¢ A implies (s1, s2) LN (s1,52) for any s1 € Sy

4) s1 =A> s1- implies (sq, 52) —A/ (s17,s82) for any s € S»

(5) sp :A> sy implies (s1, 52) é (s1,52) for any s1 € Sy

DerFINITION 2.2.7 ( HIDING )
The hiding of IMC I = (S, Act,—,=,50, AP, L) w.r.t. the set A C Act of actions is the IMC
I\A = (5, Act\A, —',=,50, AP, L), where —" is the smallest relation defined by:

(1) s—>s’anda ¢ A implies s LN s’, and

’

(2) s> sandaecA implies s = 5.

NortatioN 2.2.1 ( EQUIVALENCE CLASSES, QUOTIENT SPACE )

Let S be a set and R an equivalence on S. For s € S, the set [s]g = {s” € S| (s,5") € R} denotes
the equivalence class of state s under R and is often referred to as the R-equivalence class
of state s. Note that [s]g = [s']g for all 5,s” € R. The quotient space of S under R, denoted by
S/R ={I[slr|s € S}, is the set consisting of all R-equivalence classes.

2.3. IMC semantics

In this section we provide the semantics of IMCs, i.e. paths, events, schedulers, and proba-
bility spaces. Most definitions are taken from [[13,18420,23|] without any major or significant
changes.

DeFINITION 2.3.1 ( DIRECT SUCCESSORS AND PREDECESSORS )
Let 7 be an IMC and s a state in S.

e Posty(s) ={teS]|s %5t € —,a € Act } is the set of direct interactive successors of s,
where a can be internal.
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e Post;(s) = {te€S]|s - t € —>, tinternal } is the set of direct internal interactive
successors of s.

e Posty(s)={teS]|s i =, A € Ry } is the set of direct Markovian successors of s.
e Post(s) = Post,(s) U Post(s) is the set of direct successors of s.
Similar definitions can be given for a set C C S of states.
o Post,(C) = Usec Post(s) is the set of direct interactive successors of a set C.
o Post;(C) = Usec Post(s) is the set of direct internal interactive successors of a set C.
o Post)(C) = Usec Posta(s) is the set of direct Markovian successors of a set C.
e Post(C) = Post,(C) U Post,(C) is the set of direct successors of a set C.

As in [23], we assume w.l.o.g. for the sake of simplicity and to ease the development of the
theory that each internal action 7 € Act; has a unique successor state, denoted succ(7), if the
IMC at hand is closed. Furthermore, for the rest of this section, assume the given IMC to be
closed.

DerFINITION 2.3.2 ( FINITE AND INFINITE PATHS )
Let 7 be an IMC with a set of actions Act.

o A finite path 7t of 7 is a finite sequence

00,t0 o1,k On-1,tn-1
Sp S1 e —21 Sy, (n = 0),

such that s; € Post(s;_1), 0; € Actoro; =L, and t; € Ry, forall 0 < i < n.
e An infinite path 7 of 7 is an infinite sequence

ao,to o1,h1 02,k
50 S1 52 vory

such that s; € Post(s;_1), 0; € Act or 0; =L, and t; € Rxo, for all i > 0.

The real-valued variable t; reflects the sojourn time spent in some state s; before moving to
state s;,1, referred to by 6(m, 1) = t;. The length n of a path 7 reflects the number of states
within 7 and is denoted |rt|. Then, for every finite path 7, 7] denotes the last state s,, on .
Note that since internal interactive transitions are executed instantaneously, we have that
o; = 7 implies t; = 0. Furthermore, as the probability of a Markovian transition to occur
immediately is zero, it follows that if 0; = L then the sojourn time in state s; is 6(m, i) = t; > 0.
The notation @t € (S* U §¢) is the sequence of states traversed on 7 at time point t € Ro.
Note that at some time point ¢, path 7w will in general occupy several rather than a single state

because of instantaneous transitions. (For more details, refer to Zhang and Neuh&ufer [23])
00,t0 o1,t1 0i-1ti-1

The prefix of 1t is referred to by n[0..i]] = 5o s1 Si.
In the following, let Act, = Act U{ L }, such that Act, (s) = Act(s) if s € IS and Act,(s) ={ L}
otherwise.
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DEeFINITION 2.3.3 ( SET OF PATHS )

Let 7 beanIMC. A pathin 7 is a concatenation of a state and a sequence of combined transitions
from the set Q = Act;, X Ryo X S, i.e. T = sg 0 mg o my o ... o my,_1 with m; = (0, t;,8141) € Q.
The paths in 1 can be classified as follows.

Paths™(I) = S x ()" is the set of finite paths of length n

Paths*(I) = S x Q)" is the set of all finite paths

Paths®(I) = S x Q¥ is the of all infinite paths

Paths(I) = ((S x 0*) U (S x Q@)) is the set of all finite and infinite paths Paths* U Paths®

The reference to 7 will be omitted if it is clear from the context.

A combined transition (o, t, s) describes the exponentially distributed time-point ¢ to move
to a successor state s from the current state if 0 € L. If 0 € Act then time point ¢ reflects the
sojourn time spent in the current state under the assumption that a scheduler (see Definition
, which resolves nondeterminisims in the system, decided action ¢ to be executed in
the current state. Note that the sets of paths defined so far in general do note take the rates
by which states are left into account and hence, might exhibit invalid paths. The following
measure theoretic concept, however, rules out these paths by assigning probability zero to
them. To do so, we need to measure the probability of sets of paths, i.e. of events in an IMC.
As a path is the concatenation of a state in S with a sequence of combined transitions € €,
we will first define the o-field of sets of combined transitions, which afterwards can be used
to define o-fields of sets of finite and infinite paths.

DEerFINITION 2.3.4 ( EVENTS OVER PATHS )
Let Q = Act; X R5g X S be the set of combined transitions in an IMC . The o-field of sets
of combined transitions is defined by

Fi=o([(AxTxS) | A2t T e B(Ra), S €25)),

where B(IR5g) is the Borel o-field of R5g, which measures the subsets of Rx.
Then, the o-field over Paths" can be defined as follows.

ramsr = 0 ({ Sox My X .. x M, | Sg €25, M; € §,1<i<n})

A set I'T € Fpysn is called a measurable set of finite paths of length n. For each such IT we can
define its cylinder:

Cyl(IT) :== { € Paths” | m[0..n] € IT}.

A cylinder Cyl(I1) is measurable if its underlying set of finite paths is measurable, i.e. if
IT € &parns:- Then, the o-field of sets of infinite paths is the minimal o-field induced by the
set of measurable cylinders:

Sratnse = 0 (Uso { CYIIT) | TT € Fpaer })-

The o-field &pams of sets of finite paths is the smallest o-field generated by the disjoint
union 4~ Fpamse Finally, the o-field Fpgs of sets of finite and infinite paths is the smallest
o-field induced by the disjoint union of the sets of finite and the sets of infinite paths

H‘JZO:Q 8Paths" W C&Paths“’-
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DEFINITION 2.3.5 ( MEASURABLE RECTANGLES )
A measurable rectangle I1 of paths of length n € IN>g is a measurable subset of Paths" of the
form

[T=SogXxAgXTygX..XA,1XTy1 XSy,

where S; € 25, A; € ZACtJ-, and T; € %(]RZO)-

In general, a measurable rectangle is a Cartesian product, where its constituent sets are
elements of their respective o-fields. The set A X T x S C Q of combined transitions is
a measurable rectangle, if A € 24¢tt T e B(Rsp), and S € 2°. The set of all measurable
rectangles then is denoted by 24+ x B(R) X 2° and induces the o-field § of sets of
combined transitions (see Definition [2.3.4)).

As a next step, we introduce the notion of schedulers, which resolve nondeterministic

choices in an IMC. A nondeterministic situation occurs if there are two transitions s — s

ands L spand s # sp witha, € Act,i.e. the successor of state s is not uniquely determined.
A scheduler then yields a probability distribution over the set Act(nt]) = { «, 8 } of enabled
actions in s based on the history path 7 € Paths* that lead to s.

DEFINITION 2.3.6 ( GENERIC MEASURABLE SCHEDULER )
A generic scheduler on IMC I = (S, Act, —, =, 50, AP, L) is a mapping

D : Paths* x 24¢ [0, 1],

where D(m, ) € Distr(Act(n])) for all € Paths* with it} € IS. A generic scheduler is measurable
(GM scheduler) if and only if for all A € 24¢, D=1(A) : Paths* + [0, 1] is measurable.

The measurability condition assures that the scheduler does not resolve the nondetermin-
ism, such that the induced set of paths is non-measurable. Formally, for all A € 24¢ and
B € B([0,1]), it holds that { 7 | D(1;,A) € B } € &pams-- To obtain a probability distribution
over Act,, for Markovian states we assume the scheduler to yield probability 1 for action
1,ie. D(m,-) = { L — 1}if nle MS. The set of all generic measurable schedulers on 7 is
denoted by GM.

DEFINITION 2.3.7 ( STATIONARY SCHEDULER )
A GM scheduler D is called stationary if for all 0 € Act, and finite paths 7,7’ € Paths®,
nl= 1’| implies D(nt, o) = D(7’, 0).

Observe that here the scheduler solely takes the last state of a path into account to compute
the probability distribution of the enabled actions. Thus, scheduler D is a function D :
S X Act, — [0,1] and we can write D(s, @) instead of D(, a).

DEFINITION 2.3.8 ( DETERMINISTIC SCHEDULER )
A GM scheduler D is called deterministic if and only if D(r, -) is degenerate for all = € Paths”.

Roughly speaking, D is deterministic if for each finite path € Paths* there is an action
0 € Act,, such that D(rr,0) = 1.

As schedulers resolve nondeterminism, we can now define probability measures for IMCs.
We commence with the probability of measurable sets of combined transitions, i.e. subsets
of Q.
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DEeFINITION 2.3.9 ( PROBABILITY MEASURES ON COMBINED TRANSITIONS )
Let I = (5, Act,—,=,50,AP, L) be an IMC and D € GM. For all © € Paths*, we define the
probability measure pp(mw,-) : & — [0,1] by:

ZaeAct(s)) 1m(a, 0, succ(a)) - D(m, {a }) ifs €IS
up(r, M) = f E(s)e Bt . Y o 1u(L, t,8") - P(s,s') dt  if s € MS,
R>o

where s = 7t| and 1y, is the indicator with 1p(0, ¢,s") = 1if (0, ¢,5’) € M and 0, otherwise.

Hence, up(m, M) describes the probability obtained considering history 7 and continuing
along one of the combined transitions in M € §. If 7| is an interactive state, up(rn, M) yields
the probability that scheduler D chooses action a € Act(rt|), which leads to the unique
successor succ(rt]), such that the resulting combined transition (a, 0, succ(mt])) is inherited
in the set M. If m| is a Markovian transition, the probability to continue according to M is
the density for the Markovian transition to execute at time-point ¢ and the probability that
a successor state s’ of 1| is reached with (L,t,5") € M. The following definition lifts the
probability measure up(m, -) on sets of combined transitions to sets of paths of length #, as
paths are inductively defined using combined transitions.

DEeFINITION 2.3.10 ( PROBABILITY MEASURE ON FINITE PATHS )
Let = (S, Act,—,=,50, AP,L)beanIMC and D € GM.Forn > 0, we define the probability
measures Pr}, inductively on the measurable space (Paths", §pans):

Pr): Fpapeo > [0,1]: PAII) = 1ifsp € I1
Pr%(l_[) = 0 otherwise

Pr: Spansr = [0,1] 1 T Pris Y (dm) f 1r1( o m) up(m, dm),
Paths?—1 Q

where 117 is an indicator function with 1r(w o m) = 1 if 7o m € [T and 0 otherwise, and o is
the concatenation of path © with the combined transition m.

Given a set of paths I € Fpyys of length n € IN»o, Pr, computes the probability that one
of the paths in IT is chosen by multiplying the probabilities Pr ! (dm) of path prefixes 7 of
length (n—1) with the probability up(rt, dm) of a combined transition m € () which extends 7t
to a pathinII The functions Pr}, thus yield measures on all o-fields §p,ss of subsets of paths
of length n, which extends to a measure on (Paths®, panse): if B € Fpamsn is @ measurable
base and C = Cyl(B), we define Pr{(C) = Pr},(B). Due to the inductive definition of Pr}, the
Ionescu-Tulcea extension theorem applies (see [18}23]), which yields a unique extension of
Pr{ to arbitrary sets in Fpyse. Note that Pr’;D(H) and Pr;‘,’D (IT) denote the probabilities that

finite, resp., infinite path 7t € ITis chosen, where all paths in IT start in state s.

10



3. Probabilistic Backward Bisimulation

In this chapter we will present the formal definition of the strong binary relation probabilistic
backward bisimulation, pbb for short, which relates pairs of states of a single IMC or of
pairs of IMCs. We will use the notion of probabilistic backward bisimulation to define a
quotient system, i.e. an abstraction that minimizes the state space of the original IMC and
investigate in the following chapter whether it preserves some timed properties, such that
analysis tools can be applied on the diminished state space more efficiently. Furthermore,
we will check if the reduced model is a correct abstraction of the original one in the sense of
probabilistic backward bisimulation. However, assuming that minimization is based on a
partition-refinement technique, this is not an on-the-fly algorithm but instead requires the
entire state space of the model that is to be analyzed in advance [13]]. This is a tremendous
disadvantage, since realistic systems consist of millions of states. In case of the forward
variant of probabilistic bisimulation, this can be compensated thanks to the compositional
nature of IMCs and the fact that the forward version is a congruence with respect to parallel
composition, as this allows for a compositional generation and reduction of the original
system, resulting in a smaller system that is bisimilar to the original one. Unfortunately,
this does not hold for pbb, since original and quotient system are in general not bisimilar.
Last but not least, we will give an overview of the comparison of probabilistic forward [13]
and backward bisimulation on IMCs.

3.1. PBB Equivalence

To compare two or more states of an IMC, we now introduce the notion of probabilistic
backward bisimulation, which is based on the forward approach for IMCs in [13]] and the
backward variant for CTMCs in [21]. The intuition is that two states s and t are bisimilar
if their predecessors can mutually mimic their interactive behavior with respect to the

reachability of s and ¢, i.e. for each transition s’ — s there is an interactive transition

# 5 t such that s’ and # are bisimilar. Recall that internal interactive transitions take
precedence over Markovian transitions (see Definition [2.2.3). This is due to the fact that
internal transitions do not interact with the environment and hence will not be delayed.
As a consequence, they are always executed immediately, whereas the probability of a
Markovian transition to be executed without any delay is zero. According to that and
since an IMC will be closed for analyzation purposes, either both s and ¢ have outgoing
interactive transitions or none of them has. Furthermore, the cumulative rate by which
some equivalence class C of states can reach states s and t within one step must be equal, i.e.
R(C s) = Y uec R(1,8) = Y ec R(u, t) = R(C, t). However, there is no need to require equality
of the cumulative rates by which s and ¢t are reached from C, if C has an outgoing internal

11



3. Probabilistic Backward Bisimulation

interactive transition. The same holds for the exit rates of s and t, which must be equal in
case of absence of outgoing internal interactive transitions.

DeriNITION 3.1.1 ( PROBABILISTIC BACKWARD BISIMULATION )

Let I = (S, Act,—,=>,50, AP,L) be an IMC. An equivalence relation R C S X S is a proba-
bilistic backward bisimulation, pbb for short, on 7 if for any (s,t) € R and equivalence classes
C € 5/R the following holds:

(1) L(s) = L),

(2) for any a € Act, T(C, a0, s) = T(C, a, 1),

(3) Posty(s) = 0 if and only if Post,(t) = 0,
(4) if Post;(C) = 0 then R(C,s) = R(C, t), and
(5) if Post.(s) = Post.(t) = @ then E(s) = E(¢),

where T(C,a,s) = lifand only if {s" € C |5’ 5 5)is non-empty and R(C,s) = Y occ R(s", )
is the cumulative rate to go from C to s.

States s and t are probabilistic backward bisimulation-equivalent or bisimilar (pbb, for
short), denoted s ~! t, if there exists a probabilistic backward bisimulation R for 7 with
(s,t) e R.

Recall that by definition the initial state sy is labeled by the special atomic proposition
z ¢ AP (see page [d) and consequently, the equivalence class containing so will always be
a singleton. This is due to the fact that sy is the only state that can have an empty past
and pbb equivalent states are expected to mimic each others (interactive and Markovian)
behavior in a backward manner. Condition (1) is the labeling condition, which states that
equivalent states must have the same labeling. The second requirement assures that if s
is reachable via some interactive transition labeled with action a € Act from equivalence
class C € S/R then so is t, and vice versa. The third statement is especially interesting in
context with the analysis of path properties of closed IMCs or IMCs to which the concept of
hiding (see Definition is applied. As an example, consider Figure where state s5
is the only b-labeled state. Following conditions (1), (2), (4), and (5), states s; and s4 would
lie in the same equivalence class. Assume that the quotient system, i.e. the system that
groups equivalent states into a single one, is to be computed. The resulting system can be
observed in Figure where we obtain a single state sy, 54 for the equivalent states s; and
s4. Furthermore, suppose that the system will be closed (see Figure as some property
analyses are to be performed. In that case, the outgoing a-transition of state s, s4 will be
internal. As a consequence of the maximal progress assumption (see Definition 2.2.3), the
Markovian transition of s4, which leads to the b-labeled state ss5, as well as the Markovian
transition of state s1, will be eliminated as they will never be executed due to the outgoing
internal a-transition of state s1, s4. Furthermore, since the Markovian transition of state s4 is
the only incoming transition of ss, it would no longer be reachable, although when closing
the original system, state s5 would still be reachable from state s4. Thus, to prevent this crucial
loss of information, we need to introduce at least the semi-forward bisimulation condition

12



3.1. PBB Equivalence

(3) of Definition[3.1.1} It is semi-forward since we are not interested in the target states and
the action-label of the transition, but only in its existence. Note that since every IMC will be
closed if property-analyses are to be performed, it does not suffice to require that equivalent
states either all or none have outgoing internal interactive transitions, but we must range
over all interactive transitions.

IMC 1 {c}(83 ) D2 IMC T {c} ( s3

1
b} (85 | O2 {b} (85 | D2
Figure 3.1.: Original IMC 7 with Equiva- Figure 3.2.: Quotient ~ After Merging
lent States s; and sy Equivalent States

IMC 1 {c}( 3

(b} (85 [ D2

Figure 3.3.: Closing the Quotient IMC

Condition (4) requires that whenever the cumulative rate to reach state s from some equiv-
alence class C € S/R, from which no internal interactive transition emanates, is R(C,s) = A,
then the cumulative rate to reach t from C is A, and vice versa. The last requirement
states that if s and t have no outgoing internal interactive transitions, then they must have
the same exit rate E. Similar to condition (3), this imposes an analogy on the one-step
forward or future behavior of equivalent states. The basic idea is to assure that in the
quotient system of the original IMC, the rate of moving from equivalence class C; to a class

13



3. Probabilistic Backward Bisimulation

C, is the average value of moving from some state in C; to some state in C; in the original IMC.

The notion of pbb equivalent states of a single IMC can be adapted to one of pairs
of IMCs (Z1,1>), which allows to compare two IMCs with respect to the probabilistic
backward bisimulation relation. For that, we additionally need to require that the initial
states of the IMCs are reachable in a pbb-equivalent manner.

DeriNITION 3.1.2 ( PROBABILISTIC BACKWARD BIisimiLArR IMCs)
Let 7; = (S;, Act, —i,=,50i, AP, L), i = 1,2, be two IMCs. A probabilistic backward bisimu-
lation for (11, 1) is an equivalence relation R C S; X Sy, such that

(A) (80,1,%,2) €R,
(B) for all (s1,s2) € R and equivalence classes C € (51 W Sp)/R
(1) L(s1) = L(s2),
(2) for any a € Act, T(C, a,51) = T(C, , 52),
(3) Posty(s1) = 0 if and only if Post,(sz) = 0,
(4) if Post;(C) = 0 then R(C, s1) = R(C, s2), and
(5) if Post;(s1) = Post,(s2) = 0 then E(s1) = E(sp),

where (51 W S3)/R denotes the state space S; W S, with respect to R, i.e. the set of all
pbb-equivalence classes under R.

Iy and I, are pbb, denoted 1 ~V 1, if there exists a probabilistic backward bisim-
ulation R for (I, 15).

Since a path of an IMC starts in its initial state, it is natural to require that the initial states
of two IMCs, that are candidates to be pbb-equivalent, must be able to mimic each others
backward behavior and cannot be bisimilar to any non-initial state. Example illustrates
the above definition.

ExamrirE 3.1.1 ( PBB IMCs )

Consider the open IMCs 1 (left) and 7, (right) given in Figure [3.4{ with initial states s
and fy, respectively, and internal action Act; = { 7 }. For the sake of simplicity, assume that
L(s) = 0 for all s € ((S1\{ s0,1 }) U (S2\{ s02 })), L(s0,1) = L(so2) = { z } (by definition, see page
EI). There exists a probabilistic backward bisimulation for (71, 1>):

R = { (s0, to), (51, t1), (52, t2), (53, t2), (54, t3), (55, £3) }.

Furthermore, we have four equivalence classes Co = { so,to }, C1 ={s1,t1 }, Coa = {s2,53,t2 },
and C3 = { s4, 55, 13 }. We will now show that R is a pbb by checking the conditions required
in Definition for each pair in R. Note that since all non-initial states and both initial
states have the same labeling, condition (B.1) is trivially satisfied. States sy and ¢y have no
incoming interactive transitions and hence, condition (B.2) is fulfilled. Since both have at
least one outgoing (internal) interactive transition, condition (B.3) holds. Either state is solely
reachable via a Markovian self-loop, but as these are the only incoming transitions and since
Post(sg) # @ # Post(ty), the remaining conditions hold immediately. States s;,t; have an
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3.1. PBB Equivalence

incoming t-transition from sy and ¢y, respectively. Since sp and tj are in the same equivalence
class Cp and since these are the only incoming interactive transitions, condition (B.2) is
satisfied. Furthermore, both states have at least one outgoing interactive transition, such
that condition (B.3) is fulfilled. Both states have no outgoing internal transitions but as they
are neither reachable by nor have an emanating Markovian transition, conditions (B.4) and
(B.5) trivially hold. For pair (s, t2), we have that T(Co, a, s2) = T(Co, a, t2) and T(Cy, a0, 52) =
T(Cq, a, t7). Since Post,(s2) = Post,(t2) = 0, condition (B.3) is satisfied. Since Post;(Cy) # 0 #
Post(C3) and since neither of the states is reachable by a Markovian transition from class
C1, (B.4) holds. Neither s, nor ¢, has an outgoing internal interactive transition and since
E(s2) = 8 = E(t2), it follows that s, and t, are pbb. A similar argumentation holds for the
pair (s3,t2). Considering the pair (s4, f3), requirement (B.2) is satisfied, since T(C3, 7,54) =

I I,
4
— 1y —T> t
o
o
3
1 8
T

Figure 3.4.: Probabilistic Backward Bisimilar IMCs

T(Cs, 7, t3). Both states have an outgoing 7-transition and consequently, (B.3) and (B.5) hold.
Condition (B.4) is true, as R(Cy,s4) = R(Cy, t3) = 8 and Post,(C3) # 0. For states ss, t3, the
requirements can be verified in the same way and since (so, tp) € R, the initial condition (A)
holds and it follows that R is a pbb for (71, 1>).

Note that if T was not internal, then none of the states are pbb. For example, consider states
so and ty. Since E(sg) = 10 # 7 = E(tp) and R({ s, o }, s0) = 10 # 4 = R({ so, to }, to), they cannot
be bisimilar. Furthermore, states s, and s3 do not lie in the same equivalence class, since s
and ss5 are not equivalent and s4 reaches s, with rate 6 but not sz, and ss reaches s3 with rate
7 but not s. a

LemMma 3.1.1 ( Coarsest PBB)
For IMC I = (S, Act,—,=>, sy, AP, L) it holds that

~ is the coarsest probabilistic backward bisimulation for I.

Proor Let I = (S, Act,—,=,s9, AP, L) be an IMC and s1, s, be two states in S. Let R be a
pbb on 7 and assume that the pair (s1,s2) is included in R, but s; +Y s,. Then, one of the
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3. Probabilistic Backward Bisimulation

conditions in Definition must be violated. This contradicts the assumption that R is a
pbb containing the pair of states (s, 52). It immediately follows that each pbb R for 1 is finer
than ~? and that ~ is the coarsest pbb. ]

We have already mentioned the concept of a component-wise minimization of a given IMC
1. This model is the parallel composition (see Definition [2.2.6) of finitely many IMCs that
synchronize via synchronization actions in A;, i.e.

I =TI11la L21lay - la, Ln, n€IN.

Since each IMC 7; is subject to synchronization, they will be open IMCs. Theorem
shows that probabilisitic backward bisimulation is substitutive with respect to parallel
composition, i.e. if two open IMCs 71,7, over the same set of actions are pbb then the
respective parallel compositions with some IMC 13 are pbb.

THEOREM 3.1.1 ( ~? 1S A CONGRUENCE W.R.T. PARALLEL COMPOSITION )
Let 7; = (5, Act;, —i,=,50,i, AP, L;), i € { 1,2,3 }, be three open IMCs with Act; = Act; and
aset A C Act; N Acts of synchronization actions. Then,

I, ~" I implies Iy |4 I3 ~" T2 ||a Z5.

Proor Let I; = (S;, Acti, —i, =i, 50, AP, L;),1 € {1,2,3 }, be three IMCs, A a set of synchro-
nization actions as before and 71 ~! I',. Furthermore, let I 13=J1llalzand To3 =715 1|a 13
and let R = { ((s1,53), (52,53)) | 51 € S1,52 € Sa,53 € S3,51 ~ s5» }. We have to show that Ris a
pbb for (713,153), i.e. each pair of states in R satisfies the conditions of Definition
Let ((s1,53), (52, 83)) be a pair in R.

(A) Since so1 ~b so.2, it holds by definition that the pair of states ((so,1,50,3), (S0,2,50,3)) is
included in R.

(B.1) By definition of the parallel composition, condition (B.1) is trivially satisfied.

(B.2) Statement (B.2) requires that whenever there is an equivalence class C € ((5; X S3) @
(52 X S3))/R that can reach state (s1, s3) in one step via an interactive transition labeled
by some action a € Act; U Acts, then state (s, s3) is also reachable from C in one step
via an a-transition, and vice versa. We have to distinguish three cases:

Case 1: W.lo.g. assume there exists (s, s3) € (51 X S3), such that (s}, s7) -5 (s1,83)
is an interactive transition in 773 and a € A. Since s; ~V sy, there exists a state
s, € Sz, such that si ~b s, and s; 2, s, is an interactive transition in 7. Hence, by
definition of the interactive transition relation of the parallel composition, there

exists a transition (s), sg) SN (s2,83) in 1 3. Furthermore, it holds that the pair
of states ((s],53), (s},83)) is in R, i.e. they belong to the same equivalence class in
((S1 X S3) W (52 X S3))/R.

Case 2: W.l.o.g. assume there exists (si, s3) € (51 X S3), such that (si, S3) =, (s1,83)
is an interactive transition in 713 and o ¢ A. Since s; ~s,, it immediately fol-

lows that there exists a state sé € Sy, such that si ~b sé and (sé, s3) LN (s2,53)
is an interactive transition in 73. Furthermore, by definition it holds that

((s1,53), (s5,53)) € R.
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3.1. PBB Equivalence

(B.3)

(B.4)

(B.5)

Case 3: W.l.o.g. assume there exists (s, s}) € (S1 X 53), such that (sy,s7) SLIN (s1,53)
is an interactive transition in 713 and a ¢ A. It directly follows that there is an

interactive transition (s, s3) N (s2,83) in 13 and we have that ((s1, 53), (s2,83)) €

R.

Consequently, condition (B.2) is satisfied by all pairs of states in R.

Assume w.l.o.g. that there is an interactive transition (s1, s3) SN (s1,83) in IMC Iy 5.
Then, if a € A, we have that Post,(s;) = Posts(s2) # 0, since s; ~ s,. It follows that
there exists a state s, € S, such that (s, s3) = (s’z,sé) is an interactive transition in
IMC 753.1f a ¢ A, there are two cases. First, either s3 = s; and the same argumentation
as in the case when a is a synchronization action applies. Second, s1 = s| and it directly

follows that there is a transition (sp, s3) 2, (s2, sé) in IMC 753.

Let Cbe an equivalence class in ((S1 X S3) W (S2 X S3))/R, i.e. a set of states (s1, 53), (52, 53),
such that for all s; € Sy, € Sy, it holds that s; ~? sp. Assume that Post(C) = (@ and let
((s1,83), (52,53)) € R. We have to prove that R(C, (s1,53)) = R(C, (s2,53)).

R(C/ (Slr 53))
(* by definition of R *)
= D e R, (1,53)
(* by definition of the Markovian transition relation of the

parallel composition *)
— ’
- Z(t,t’)eC R(t;s1) + Z(t,t’)ec R(t',s3)
Y52 %)

— ’
- Z(t,t’)EC R(t;s2) + Z(t,t’)ec R(t',s3)

= ) R, (s2,5)
(* by definition of R *)
= R(C (s2,83))

(* since s1 ~

Let ((s1,53), (52,53)) € Rand assume (w.l.0.g.) that Post;((s1,s3)) = 0. By definition of the
Markovian transition relation of the parallel composition, we have that E((s1,s3)) =
E(sq) + E(s3). Since s; ~b sy, it follows that E((s1,s3)) = E(s1) + E(s3) = E(sp) + E(s3) =
E((s2,53))-

It follows that R is an pbb for (713, 723). [ ]

The next Example computes the parallel composition of two IMCs 77 and 7, with
(resp.) a third IMC 73 and gives the resulting probabilistic backward bisimulation relation
for the two composed systems.
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3. Probabilistic Backward Bisimulation

ExampirE 3.1.2 ( JONIGRUENCE W.R.T. PARALLEL COMPOSITION )
Consider Figure 3.5, where 7 is the only internal interactive transition. The open IMCs 7
and 1 are probabilistic backward bisimilar and the binary relation

R = { (s0, to), (51, 1), (51, 13), (53, t1), (53, 3), (S2, t2) }

is a pbb for the pair (11, 73). Then, each of them will be composed in parallel with IMC 73
over the set A = { o, p } of synchronization actions, i.e. 713 = 71 ||a I3 and 123 = 15 ||4 I3
are to be computed.

I, 1,
ﬁ p

@@ :
{Z}/1 0

- T - @DT
K\ /1 N A

I3
@ e
() =T

Figure 3.5.: Two pbb IMCs 7 and 7, will be composed in parallel with IMC 73

Following Theorem the binary relation

Ry =1{ ((s0,uo), (to, uo)),
((s0, u1), (to, u1)),
((s1,10), (t1,10)), ((s1, Uo), (t3, u0)), ((s3, o), (t1, U0)), ((s3, o), (t3, U0)),
((s1,u1), (t1,u1)), ((s1, u1), (t3, u1)), ((s3, U1), (t1, u1)), ((s3, u1), (t3, u1)),
((s2, o), (t2, u0)),
((s2,u1), (t2,u1)) }

is a pbb for the pair (113, 723).
Figure shows the resulting IMCs after parallel composition, where states that have
similar coloring belong to the same equivalence classes in (S13 W S33)/R.
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I3 (s1,u0)

(t31 uo)

Figure 3.6.: Parallel composition is pbb
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3. Probabilistic Backward Bisimulation

3.2. Quotient System under ~*

Probabilistic backward bisimulation defines an equivalence relation on the states of a given
IMC. Equivalent states reveal an equivalent backward behavior in the sense of pbb and
thus, they can be merged into a single one to eliminate redundancies and to reduce the
state space of the given IMC (hopefully) significantly. Unfortunately, the thus computed
compressed system is not an exact abstraction of the original one, as the computation of the
rates reveals average values and thus, condition (B.4) in Definition is not preserved
exactly. However, the quotient’s state space might be significantly smaller than the original
one’s and the idea is (see the following chapter) to analyze the compressed system on
properties of interest with a smaller complexity concerning time and space.

DEFINITION 3.2.1 ( QUOTIENT SYSTEM UNDER ~? )
For IMC I = (S, Act,—,=,s0,AP, L) the probabilistic backward bisimulation quotient
IMC I/~ is defined as follows.

I/~h: (S/~b,ACt, — b, =, [So]s, AP, LNb),
where

a
s —t

e —>_, is defined by , & € Act,

[slos — o [t

e =, is defined by

A

R(s, t
= E ith = Yisels], Lutelr], RS, £) A€ Rog,
[s].e = [t]s | [s].s |

and
o L _i([s].e) = L(s).

Each state in the quotient system consists of all states that belong to the same equivalence
class under ~. The initial state [so] . of 7/~ is the equivalence class containing the initial
state sp of the original IMC 7. Since the definition of ~b requires that equivalent states are
reachable via the same interactive transitions, equivalence class [¢]_» in the quotient system
is reached via a € Act from class [s] s if there exists a transition leading from s to t with label
@ in the original IMC. If there is a Markovian transition from s to ¢ in the original model,
then there exists a Markovian transition in the quotient model, which leads from class [s] .
to class [t].». The rate of this transition is the average value of all Markovian transitions
leading from all states of the class [s] .» to all states of class [] .» in the original system. Hence,
no restrictions are imposed on the rate of a transition emanating from a single state s to t,
but rather on the cumulative rate of all transitions from all states in the class [s]_» to state ¢.
Last but not least, the label of the class equals the label of the states included in that class.
The following Theorem shows that Definition of the abstract system is not an
exact reduction in the sense that the resulting quotient is probabilistic backward bisimilar
to the original one.
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TaeEOREM 3.2.1 ( NON-PBB EQUIVALENCE OF 7 AND J /~Y)
Let 7 = (S,Act,—,=,50,AP,L), be an IMC and I/ ~'= (S ~ Act,—_,,=
,[s0l.s, AP, L ) its quotient system under ~Y. Then

T4 I)~b

in general.

(A) through (B.3) and (B.5) of Definition 3.1.2|are satisfied for the pair (7, I /~'). Therefore,
let R = { (5,[s].) | s € S) }. An equivalence class C € (S W S/ ~)/R is defined as C =
{51, Sn, []oe | []os € S/~P, 51 € [s], 11 = |[S]] ). By definition of the quotient system under
~b_ it can easily be seen that conditions (A) through (B.3) of Definition are satisfied
by all pairs of states in R. Requirement (B.5) states that if ~’-equivalent states have no
outgoing internal interactive transitions then they must have the same exit rate E. Let C;
be an equivalence class under R containing state s € S and assume that Post.(s) = 0. Then,
Post.(s’) = 0 and E(s) = E(s’) for all states s’ € C,\{ [s].s }. Furthermore, the exit rate of state
[s].» is equal to the exit rate of state s, and thus, to all states s” € [s] .,, which can be seen as
follows.

Proor Let 7 bean IMC and 7/~ its pbb i uotient system. We will first show that conditions

E([s].»)
(* by Definition of the exit rate E *)

- Z[tLbeS/.,b R([s].s, [t]-»)
(* according to Definition (3:2.1) *)

1
) Z‘[”JES“’ (m (Zselsu Zte[tLb Re t)))

(* by commutativity *)

1
= — R(s, t
| [s]s | (ZS‘E[S]J) Z[thES/J’ Zte[tLb (8 ))

(* since $/~" is a partition of S ¥)

1
T Bl (ZSE[S]J, Ztes R(s, t))

(* since E(s;) = E(s;) for all s;,s; € [s] s *)

- tes R(s, 1)

(* by Definition of the exit rate E *)
= E(s)

for all s € [s] _s.

For condition (B.4), we need to show that each rate of moving from an equivalence
class C to some state s in the original system is equal to that when moving from each state
C to state [s]s in the reduced system. Consider IMC 7 and its quotient 7/~’ in Figure
The equivalence classes in I are the following:
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3. Probabilistic Backward Bisimulation

I I/~b

3 5
{z}/ 0 B o
a . @ @@
X 1
0

Figure 3.7.: IMC I and its quotient 7 /~?, which does not exhibit exact but average rates

{ )
{51,521},
{s3},

C1
G

In the original system, the rate of moving to state s; from equivalence class { 51,5, } is 6, i.e.
R({ 51,52 },53) = 6. However, the rate of moving from state C; = { 51,5, } is 3 according to
Definition 3.2.1) and thus, R(C1,Cy) = 3 # 6 = R({ 51,52 },s3). This is due to the definition
of the quotient, which (only) reflects the average rate by which we can move in the original
system from some state in equivalence class { 51, s, } to state s3. As a consequence, there does
not exist a state in IMC 1 that is pbb to state C,€ S/ ~P and, vice versa, there is no state in
IMC 7 /~" that is pbb to s3 € S. A similar argumentation holds for the rates of moving from
Cy to © , where we have that R(Cy, ) =2 # 4 = R({s1,52 }, ). It follows that there exist
IMCs that are not pbb to their quotient systems, i.e. I £’ 7/~' in general. ]

Note that the IMC in Theorem is a CTMC, as it does not contain any interactive
transitions. Thus, we can conclude that in general a CTMC is not probabilistic backward
bisimilar to its quotient.

The following remark, however, shows that under specific circumstances, we can
guarantee pbb equivalence of IMCs I and 7 /~’.

REMARK 3.2.1 ( PBB EQUIVALENCE OF J AND 7 /~0)
Let 7 be an IMC and I/~? its quotient system. Then, I ~? T/~ if for all states s, t € S, we
have that

s te— implies | [s]. | =1 [t |

Proor Let I be an IMC and 7 /~! its quotient system and let s, t € S with s =L, t € = First
recall that
R({ 51,80 },£) = R({ 51, ..., 50 }, '), (3.1)
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3.2. Quotient System under ~"

for all states t' € [t]_», where { 51, ..., } = [s].s. Under the assumption that | [s]_ | = | [t].s |,
it remains to show that R({ s1, ..., s, },t) = R([s] s, [t]s):

R([s].s, [t]¢)
(* by Definition *)

1
- sl | (ZsEISLb Zte[tLb R t))

(*since | [s].e | = | [t]-e | %)

1
T e (Zse[su Zte[tu Res, t))

(* according to Equation [3.1]*)

- Zse[s]J, R(s 1)

(* by Definition of R *)
= R({ 51,/ 5n }/ t),

for all states t € [t]_s. In this case, condition (B.4) holds and it directly follows that the
original system is pbb to its quotient. n

Example illustrates Remark and Example shows the concept of quotienting
for more complex models, where Remark is satisfied.

ExampLE 3.2.1 ( Non-PBB EquivaLeNcE oF 7 anD 1/~ )
Consider Figure3.8, where the right IMC is the probabilistic backward bisimulation quotient
system of the left one. Observe that state s, reaches the pbb equivalent states s; and s; via a

Markovian transition and the equivalence class of sy is a singleton, i.e. we have that s = s

and s = sosbut| | =][solw | <l|[s1]. | =1 Cy |. Hence, Remark is not satisfied and
the original and its quotient system cannot be pbb. The problem occurs when computing
the rate by which the reduced system moves from class [sp]..; to class [s1].s:

ZSG[SO]J? ZS,G[SI]Nb R(SI S,)
[ [so]s |

R(so, 1) + R(s0, 52)
1

R([so].s, [s1].¢)

242

4

+ 2

= R(so, 1)
= R(so,2)-

As a consequence, sq 4P C; 4P s, and since there exist no other pbb equivalent candidates
for both s1/s, and Cy, it follows immediately that 7 4Y I/~P. On the other hand, consider
the Markovian transitions from states s; and s, that lead to state s3, where | [s1] | = 2 >
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3. Probabilistic Backward Bisimulation

I I/~b
| |
5o {z} Co |z}
2 2
4( 1
2
0 1] 0
4
3 5
a a

Figure 3.8.: IMC I (left) and its Quotient System 7 /~’ (right)

1 =|[s3]w | = | C2 |. In the quotient system, we can reach class [s3].» from [s1].» via the
Markovian 4-transition and it holds that

ZSG[SﬂJ, ZS’G[Ss]Nb R(SI S,)
| [s1]s |
R(s1,83) + R(s1, 83)
2

R([s1].¢, [s3].¢)

3+5

2
= 4

while R(s1,53) = 3 and R(sy, s3) = 5. Thus, s3 £’ Co and T £? T/~P. O

ExamrLE 3.2.2 ( PBB EQuivaLeNcE oF 7 anp 7 /~?)
Consider IMC 7 and its quotient system according to Definition [3.2.1{ given in Figure (3.9
where Act; = { 0 }. The equivalence classes under ~Vin I are

= {sol,
C1 = {s1,82,83},
Cs = {54,955 |,
= {s7,88,59 }.
Each state within equivalence class [s;] ., in IMC 7 is reachable by an interactive a-transition
and it directly follows that s; ~P C, foralls; € [s1]_,. Observe that in all other cases, we have
that whenever there is a Markovian transition from state s; to state s jr i,jef{1,..9]}, then
|[si] el = |[s;].el, thus satistying Remarkand therefore condition (B.4) of Definition
Recall that a state in the quotient system and the states in the corresponding equivalence

class satisfy all requirements of Definition except for the rate condition (B.4). Hence,
it now directly follows that 7 ~* 7/~f and
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3.2. Quotient System under ~"

I l I/~b l

Figure 3.9.: IMC I (left) and its Quotient System 7/~ (right)

~b= { ( ’ )r (S] ,C1 )/ (52/ C )r (53/ C )/ (541 C2)r (55/ CZ)/ (561 CZ)/ ( ’ )/ ( ’ )r ( ’ ) }

is a probabilistic backward bisimulation for the pair (7, 7/ ~by. m|

Quotienting can reduce the original system in its number of states and transitions, which
is of course a great advantage, if we want to perform model checking analyses. At first
sight, however, there seems to still exist a huge drawback: Quotienting is not an on-the-fly
algorithm, i.e. minimization requires the entire state space of the IMC in advance. Assume
a huge composed IMC I of the form

I = Il ||A1 IZ ||A2 e ”An,l-z—l’l/ ne N

Computing the parallel composition of the above n IMCs to analyze the resulting IMC 7 is,
to put it mildly, problematic. According to Baier and Katoen [2], the parallel composition
is the ”[...] Cartesian product of the local state spaces S; of the components [...]” and "[t]he
number of states in S is growing [...] exponentially in the number of components [...]”. Thus,
the state space of the composed IMC 7 might, and in realistic examples will be too large to be
handled and minimization is not applicable. However, each state space of the n components
might be of adequate size to efficiently compute the quotients I/~ of 7; forall 1 <i < n.
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3. Probabilistic Backward Bisimulation

For that, recall that pbb is a congruence w.r.t. parallel composition (see Theorem [3.1.1)), i.e.
I~ 1, implies 71 ||4 I3 ~Y T5 |la I3, where A is a set of synchronization actions, and it
follows that, under the assumption that Remark is satisfied,

Ty lla T2 ~P T1/~0 g 12
and, furthermore,
T1/~Y |la To ~P T1/~" |la T2/~
Thus, since ~! is transitive, we obtain
Ty lla Ty ~0 T1/~" |la T2/~

Now, the fact that pbb is a congruence w.r.t. parallel composition, yields a probably signifi-
cantly smaller IMC ' /~’ of the form

T/~P= 11/~ Nla, T2/~ Nlay o Na, Tu/~" n €N,

with the beneficial property that, under the assumption that Remark holds for all IMCs
Iy,...,1,,itis pbb to the original, composed IMC 7, i.e.

T=T1la Lo llay - Na Ln ~0 0/~ lla, Z2/~Y Nlay o lla, Dn/~"= T/~".
Then, property analyses could be (more efficiently) performed on the reduced IMC 1/ ~b,

ExampLE 3.2.3 ( NoN-PBB EQUIVALENCE OF 71 || 72 aND T1/~Y || T5/~t)
Consider the IMCs 71 and 7, and their respective quotients 71/ ~tand I,/ ~P given in

Figure In Figure the parallel compositions 11 ||z 12 and 77/ ~b gy L2/ ~b can be
observed. Note that since 7, = 7,/~Y, it obviously holds that 7, P T Ab. According to

Remark[3.2.1) we have that 77 £0 T/~ as|[s1]o | =2 # 1 = [s3] | although s; =N S3.
We will now show that (17 [|ig) Z2) A0 (T /~b lls) I,/~"). To do so, we have to find at least
one state s; € (S; X Sp) or 5o € (S1/~ x Sy/~P) with s; £P t; for all t € (S1/~? x Sp/~Y) or
so P tr for all £ € (S1 X S). We choose, for example, s, = (Cy, tp). Since s, has an incoming
B-transition, it cannot be candidate to be bisimilar to states (s, to), (so, t1), (51, t1), (52, t1) and
(s3,t1) as that would violate condition (B.2) of Definition[3.1.2] Due to the different exit rates
E((s1, t0)) = E((s2, t0)) = 10 # 7 = E(s), it holds that (s1, fo) £ s2 £ (s2, o). It remains to show
that (s, tg) £ so. Observe that states (s3, fo) and s, are reachable by states (s1, tg) and (s2, to)
and (Cy, ), respectively, via Markovian transitions.

Case 1: (s1,t9) ~ (Ci1,to) ~P (sp,to). But then, R([(s1,t0)]s,52) = R([(S2,t0)]s,52) =
R((Cy, t0),52) =2 # 4 = R((Cy, to), (s3, t0)) = R([(s2, t0)]-s, (53, t0)) = R([(s1,t0)]-s, (53, t0))-

Case 2: (s1,t9) #” (C1,t0) ~P (sp,to). Then, we have that R([sy, fo],s2) = 2 # 1 =
R([s2, tol, (s3, to)).

A similar argumentation holds for the remaining cases (s1, to) ~b (C1, to) Ab (s2,t0) and
(s1,t0) #” (C1,to) 4P (s, to). Consequently, we obtain that s, #? (s3,t), which leads to non-
pbb equivalence for the pair ((Z1 [lig; 72), ({1 J~b lli) I,/~Y)). m|
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3.2. Quotient System under ~"

ExamprLE

I I/~b I5and I,/~"

{z}

1 a
0 {z} 7
/—\
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B 2
0
p p
Figure 3.10.: Original IMCs 77 and I and the corresponding Quotient Systems 7;/~! and
I/~
3.2.4 ( PBB EQUIVALENCE OF 11 || T aND 11/~ || T5/~t)
3.12, we are given IMC 73 and its quotient system 73 /~!. For parallel compositions,

In Figure

we will reuse systems 7, and 7,/~? of Figure The results can be found in Figure
Observe that 73 ~? 73/~Y, since the original system satisfies Remark This can be
seen as follows. There is a Markovian 3-transition from state s; to state s3 and it holds that
[ [81]-e | =2 = | [s3] | - Since [s1].» = { 51,52 } and [s3] s = { 83, 54 }, the Remark is satisfied for
all remaining Markovian transitions and thus, original and quotient system are pbb. Since
probabilistic backward bisimulation is a congruence w.r.t. parallel composition, it directly
follows that 7 g I3 ~b T~ gy L3/ ~b and we can give a probabilisitic backward
bisimulation equivalence

~ =1 ((s0,t0), (Co, o)),
s1,to), (C1, t0)), ((s2, to), (C1, o)),
s3,t0), (C2, t0)), ((s4, to), (C2, o)),
so, 1), (Co, t1)),
s1,t1), (C1, £1)), ((s2, £1), (C1, £1)),

s3,t1),(C2, 1)), ((s4, t1), (C2, t1)), }.
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3. Probabilistic Backward Bisimulation

I1llig 12 I/~ gy To/~

{z} 0 {z} 0
7

— (s0,t)) ———— (s0,t1) — (Co,t)) ———— (Co, 1)

0 0
S
7
a a

Figure 3.11.: Parallel Compositions of 71 and 7, (left), and 71/ ~Vand I,/~? (right) w.r.t.
synchronization action f8

3.3. Probabilistic Forward vs. Backward Bisimulation

We will now analyze the differences and similarities between probabilistic forward and
backward bisimulation. The definition of the forward variant is based on the approaches by
Hermanns and Katoen [13]]. However, we adapted it to the case of labeled IMCs.

DEerFINITION 3.3.1 ( PROBABILISTIC FORWARD BISIMULATION )

Let 7 = (S, Act,—,=>,50, AP,L) be an IMC. An equivalence relation R C S X S is a proba-
bilistic forward bisimulation, pfb for short, on I if for any (s,t) € R and equivalence classes
C € §/R the following holds:

(1) L(s) = L(t),
(2) for any a € Act, T(s,a,C) = T(t, 0, C), and
(3) if Post.(s) = @ then R(s, C) = R(t, C),

where T(s,a,C) = 1lifand only if {s" € C s 55 }is non-empty and R(s,C) = } .o R(s,s")
is the cumulative rate to go from s to C.
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3.3. Probabilistic Forward vs. Backward Bisimulation

I3 I3/~b

3
0 Ok 0

Figure 3.12.: Original IMC 13 and its Quotient System 13/ ~Y where I'5 and 73/~ are pbb

States s and t are probabilistic forward bisimulation-equivalent or bisimilar (pfb, for short),
denoted s ~ t, if there exists a probabilistic forward bisimulation R for 7 with (s, t) € R.

Statement (1) of both Definition and is the labeling condition, which requires
equivalent states to have the same labeling. Requirement (2) of Definition [3.3.1| states that
whenever state s can reach a state in some equivalence class C € S/R via some action o € Act
then t can reach a state in C via the same action, and vice versa. In addition, it implies that
either both states have outgoing interactive transitions or none of them has and thus, no
forward-analog to condition (3) of Definition of the probabilistic backward bisimula-
tion is needed. Furthermore, since requirement (3) of Definition assures that s and ¢
reach an equivalence class C € S/R by the same cumulative rate if they have no outgoing in-
ternal interactive transitions, we do not need to explicitly define that if state s does not have
any outgoing internal interactive transitions, then the exit rates of s and ¢ must be equal,
i.e. E(s) = E(f). Hence, statement (5) of Definition|3.1.1|can be omitted in the forward variant.

The following example illustrates the differences between probabilistic forward and
backward bisimulation.

ExamrirE 3.3.1 ( PFB vis. PBB)

Consider Figure 3.14 For the sake of simplicity, assume that all states in both IMCs 7,
and 7, are equally labeled, except for the initial states labeled by z ¢ AP. There exists a
probabilistic forward bisimulation Ry for 7 ¢, defined as follows:

Rr =1{(s0,50), (51,51), (52, 82), (53, 83), (4, 54), (S5, 55), (S6, S6),
(Sll 52)1 (52/ S])/ (53/ 54)/ (54/ 53)/ (551 56)/ (56/ 55) }

This results in the aggregation of states s and s,, s3 and s4, and s5 and sg into three equivalence
classes. There is no pfb state for sy and hence, we obtain 4 equivalence classes overall. This
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3. Probabilistic Backward Bisimulation

I3 ligy 22

I3/~ gy T2/~

0 (Co t1) @
\/‘w/

Figure 3.13.: Parallel Compositions of 73 and 7, (above), and 73/ ~Vand 7, /~" (below) w.r.t.
synchronization action f8

reduces the size of the state space of 7y from 7 to 4 states. However, applying probabilistic
backward bisimulation does not result in any aggregation of states. States s; and s, are not
pbb, since condition (2) of Definition[3.1.1is violated, i.e. T({s },,51) = 1 # 0 = T({s0}, 7, 52)
andT({so},a,51) =0#1=T({s0},a,s2). States s3 and s4 are not in the same equivalence class
under pbb, since R({ 51 },53) =5 # 3 = R({ 51 },54) and R({ 52 },53) =5 # 3 = R({ 52 },54), i.e.
requirement (4) is not satisfied. Moreover, states s5 and s, cannot be pbb, as R({ s3 },s5) =2 #
0 = R({ s3 },56). In a similar manner, it can be deduced that, except for the identity relation,
none of the pairs of states of 7 ¢ are pbb, and thus, probabilistic backward bisimulation does
not reduce the state space of IMC 7.

Considering IMC 7, there exists a probabilistic backward bisimulation R, on (£, 1):

Ry = { (to, to), (t1, t1), (t2, t2), (t3, t3), (ta, ta), (t5, t5), (te, te),
(t1, t2), (t2, t1), (t3, ta), (ta, t3), (t5, t6), (t6, t5) }.

According to that, we obtain the following equivalence classes:

S/ﬂb :{{tO }/{tlltz }r{t3/t4 }/{t5/t6}}~
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3.3. Probabilistic Forward vs. Backward Bisimulation

Since T(ts,a,{ to }) = 1 # 0 = T(ts,a,{ tp }) and, in addition, T(t5,,{ to })) = 0 # 1 =
T(ts, B, 10 }), states t5 and ts are not probabilistic forward bisimilar, i.e. they violate condition
(2) of Definition Consequently, since t3 can reach state t5, whereas t4 cannot, we have
that R(t3,{ t5 }) # R(ts, { t5 }) and it immediately follows that t3 # t4. Furthermore, it holds
that t; # tp, since R(t1,{t3}) =5 #3 =R(tp, {t3}) and R(t1,{t4}) =5 # 3 = R, { t4 }). O

As it can be seen in Example probabilistic forward and backward bisimulation are
incomparable equivalence relations, as their application on the same IMC or pairs of IMCs
might result in incomparable equivalence classes and hence, incomparable reductions. Fur-
thermore, according to Hermanns and Katoen [13], for every IMC 7, it holds that 7 ~ 7/~
and pfb is a congruence w.r.t. parallel composition. Thus, for every two IMCs 71 and 1,
and set A of synchronization actions, it follows that

TillaZo~ T/~ lla T2/~

For the backward variant, we have that 7 £? 7/~? in general (see Theorem b and the
parallel compositions of the original and, resp., reduced systems is pbb solely if Remark

is satisfied.
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3. Probabilistic Backward Bisimulation

Figure 3.14.: IMCs which can only be reduced by either probabilistic forward or backward
bisimulation
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4. Property Preservation under ~?

In this chapter we will discuss the preservation of several timed probabilistic properties
under probabilistic backward bisimulation minimization. To that end, note that we cannot
expect pbb quotienting to preserve exact probabilities as it computes the average of the
original rate values of moving from some equivalence class to another (see Section [3.2).
Furthermore, since it requires equivalent states to exhibit the same past and basically ignores
their future, states within the same class might reach distinct equivalence classes within a
single transition and hence, strong linear time behavior will not be preserved for arbitrary
pairs of equivalent states. As an example, consider IMC 7}, in Figure Here, states t3
and t, are equivalent under ~' although t; can reach a state inherited in equivalence class
{ t5,t6 } via a Markovian transition, whereas #; at least has to visit equivalence classes { t; }
and { t1,f, } via a Markovian and an interactive y- transition, until finally reaching state t3
and moving on to f5 or ts.

In the following, we assume the given IMCs to be closed.

4.1. Timed Reachability p™" /p"*

In this section we shortly introduce the property of interval bounded timed reachability
and we strongly follow Neuhdufer [18] and Zhang et al. [23] in the definition. The idea
is to compute the probability that, given an initial state sy of an arbitrary IMC 7, some
set G C S of goal states during a given time interval I will be visited. Let J be the set of
nonempty intervals over the nonnegative reals and let t € Ryg and I € 3. Then, we define
Iot={x—-t|xelAx>t}andI®dt={x+t|x€l}. Theset

olG ={mePaths® | At el Is' e n@t.s" € G}

denotes the set of all infinite paths that visit a goal state in G at some point of time in I.
The function p?*(s, I) then denotes the maximum probability induced by 0!G in I and is
defined as follows:

pie(s,I) = sup Prop(o'G).
DeGM
According to Neuhdufser [18] and Zhang et al. [23], the function p2** can be characterized
as the least fixed point of the higher order operator €2, which is defined on measurable
functions F : S X 3 — [0, 1].

TrEOREM 4.1.1 ( [23] MaxiMuM TiIMED REacHABILITY AS LEAST FixeEp POINT )

Let 7 be an IMC, G C S a set of goal states and I € 3, such that inf I = a and sup I = b. The
function p2™* : S X I3 > [0, 1] is the least fixed point of the higher-order operator Q: (S X3 —
[0,1]) — (S X 3 [0, 1]), which is defined as follows:
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4. Property Preservation under ~°

(1) For Markovian states s € MS:

b
[E(s) e EOt - Y s P(s,s) - F(s', 1 t) dt ifs¢G
Q(F)(s, ) =4 ° a
e EGm 4 fE(s) e EO .Y o P(s,8")-F(s', ]ot)dt ifseG.
0

(2) For interactive states s € IS:
ifseGand0O€el

Q(F)(s,I) =
(B D max{ F(s’,I)| s’ € Post;(s)} otherwise.

Proor For details on the proof, see NeuhdufSer [18], Theorem 6.1. n

The following Theorem shows that quotient system under probabilistic backward bisimula-
tion does not preserve the (average) maximum timed reachability probability. (Note that in
the Appendix in Table[A.T|the reader is provided with the .ma-files for checking the results
with the IMC Analyzer [10] implemented by Dennis Guck.)

THEOREM 4.1.2 ( TIMED REACHABILITY IS NOT PRESERVED UNDER ~" )

Let I = (S Act,—,=,50,AP,L), be an IMC and I/ ~'= (S ~, Act,—_,,=
,[s0l.s, AP, L) its quotient system under ~P. Let I C I be an interval and G C S the set
of goal states, which is closed under ~P (i.e. G is the union of zero or more equivalence
classes under ~! ), and G/~Y its corresponding set of equivalence classes under S/ ~Y Then

Lsetsol_, PE (/D)
TR # P (ol D).

min

An analogous statement holds in case of the minimum timed reachability probability p{’

in the original and p’g;’jb in the quotient IMC.

Proor To prove our statement, we assume that the timed maximum reachability probability
in the quotient is in average equal to that of the original system. First observe that, since
[s0]..+ is a singleton by definition (cf. page[), we have that

Zse[s 1 Pgmx(szl) . Zse[s 1 pgin(S,I) )
(][ESW = PZ;WX(SO,I) and, equivalently, [i[;:# = p’gl”(so,l).

We will explicitly compute these values for the closed IMCs given in Figure where the
left IMC 7 is the original model and the right one its probabilistic backward bisimulation
quotient 7/~’, and show that the resulting values do not coincide. Note that the initial
state sp of the original system J has two outgoing internal interactive transitions labeled
by the same action 7. As we assume the system to be closed, all internal actions emanating
from a state must be uniquely labeled when measuring probabilities (see page [7). Thus,
for the following computation, we will rename the outgoing internal actions of state sy as

follows: sg AN s1 and sg =2 sy. Furthermore, observe that original and reduced system
are probabilistic backward bisimilar and we can give the following probabilistic backward
bisimulation for the pair (Z, 7 /~):

e { ( )I (5] ’ C] )/ (SZ/ C’l )I (53/ CZ)/ (S4r CZ)/ ( )/ ( ) }
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I l I/~b J

5

3\00’ \/0

1

Figure 4.1.: IMC I (left) and its Quotient System I /~’ (right)

Let G = { 53,51 } and G/ ~'= { [s3].s } = { C2 } be the set of goal states in the original
system and the corresponding set of goal states in the quotient, respectively. We commence
by calculating the maximum in the original system of reaching a state in G in the interval
I =[0,1], using the least fixed point computation of Theorem Note that in the original
system the minimum and maximum values must be computed separately, as it exhibits a
nondeterministic choice in state sg.

Pgax(SO/ [0/ 1])

=p¢" (s0,1)

= max{ pEr(s’, 1) | s" € Post(so) }

= max{ pe (51, D), p5™ (52, 1) }
b

= max fE(s1 —EGu) ZP(sl,s) peti(s’, 1o tydt,

s’eS

b
f E(sp) - e B2t Z P(sq,s") - pi™(s’, 1 © t)dt

s’eS

0
1
29 ax flOe 10t 51,53)'prgux(S:J,,I,)-i-P(Sl,S;;)'}?2”(54,1/)] dt,
0

108_10t [P(SQ, 55) . PGax(SS/ I,) + P(SZ/ 56) pmax(s6/ I,)] dt

o%
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4. Property Preservation under ~°

1 a
= max flOe‘lOt 1% e_E(S3)'”+fE(53)'e_E(S3)'t' -ZP(Sa,S')'Pgax(s',l’et')dt' +
0 0 s’eS
%- e‘E(s4)’”+fE(s4) e Bt ZP(S4,S) peti(s’, I et)dt’ || dt,
0 s’eS
1 1-t
10010 | 2. E(ss) - e B9 -ZP(S5,S) pre(s’, I’ e t)dt’ |+
10
0 0 s’eS
1-t
15—0- f E(sg) - e Gt ZP(S(,,S’)-p’g”x(s',l'et’)dt’ dt
0

s’eS

1
1
= max flOe‘lOt — e 304 36_3t - P(s3,54) - pE(ss, I ©1)at |+
0

| —
I
@
o

O%o O%

3¢73 . P(sy4, 53) - pEt(ss, I' o t))dt’ || dt,

—_

—t

—

1e ' . P(ss, s3) pEP (s, e t)dt |+

1
1
10—10t .
f ‘2
0

0
1t
1 —1t ’ ’ ’
5 fle 1t - P(sg,54) - pG (54, " © t')dt’ || dit
0
1
//: 4 ’ 1
=Lt ax f 10e720 5 (1+0)+— (1+0)]
X i
1 [ 1-t a
1 ’ 1 1’
flOe‘lOt E-fe_t ‘1 e‘E(s?’)'“+fE(S3)'e_E(53)'t -
0 |0
Y PGss, o) - pls 1"et")dt"]dt'+
s’eS
1-t a
1 —t 1 —E(S4 —E(S4)-t"
> f e 1 E(s4) -
0 0
P(s4,8") - pi™(s’, 1" © t”)dt”) dt’} dt}
s’eS
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4.1. Timed Reachability p™™" [p"*

0
0 + f3e_3t,IP(53rs4) . pfgax(&l, "o t//)dt// dar' +
0

. 6_3'
0
-t ,-30 —3t" max 17 1N 347 ’
-fe e +f3e P(sq,s3) - pi - (s3, 1" ©t”)dt” |dt" | dt
0 0

0
1 1-t 1-t
1 : 1 ,
f10e—10f §~fe_t -(1+O)dt’+§-fe‘t (1+0)dt | dt
0 0 0

1-t 1-t

1
10! Td L AV S A
[e ]0,f106 > edt+2 et dt'|dt
0 0

= max

= max

|
-
:max{l—em, Of 1000 2 (1= ) 4 3 (1=
|
{

1
= max{ 1- e_m, ) (9 +e710 108_1)}

~ max { 0.99995, 0.59125 }
~ 0.99995

For the minimum transient probability, we have to choose the successor of state syp which
minimizes the probability. Hence:

plin(so,[0,1]) = pE™(so, 1)

1
min { 1-¢10 5 (9 +e10_ 10e—1)}
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4. Property Preservation under ~°

R

min { 0.99995,0.59125 }
0.59125

R

Next, we compute the maximum and minimum timed reachability probabilities in the
quotient system for reaching a state in G/~ in the same interval I.

pg;ﬂljcb([so]~b/ [O, 1])

- pgixb (COI I)

= max{ p’g”/j;(s ,1)| s’ € Post.(Cyp) }

= max{ p’gﬁ(CLI) }
1
- f E(Cy) - e ECDE. Z P(C1,5') - prgi(s’, To tdt
0 S/ES/L‘b
1

= f 1067 [P(C1, Ca) - pli2% (Ca, I') + P(Ci, Cs) - p3 (Cs, )| dt

0
1 a
= [ 100710t |2 | BCa E(C,) - e BCH . Z P(Cy,s') - p"™™ (s', I’ © t')dt' |+
B 10 2 25 ) Popats s
0 0 S'ES/J7
1-t
5 — N ’ VA 74 ’ ’
T fE(C3)«e ECa) . Z P(Cs, ') prgs(s’, I o)t || dt
0 S’Esfvb
1 0
I"=I'et' _ 1 _3. _3¢ 1" ’
= fl()e 1ot NG 30+f3e 3 P(Cy, C) - PEr(Co, It |+
0 0
1-t
1 :
5 . fle_lt 'P(Cg,C2)~pg%(C2,I”)dtl dt
0
1
1
=f10e—1°f[§~(1+0)+

o

t a

1-
fle—lt' -, —E(Cz)tl fE(CZ) e E(Cy)-t"
0

Z P(Cy,s) - ps(s', 1" © t”)dt”]dt’] dt
s’eSpb

I\)I’—‘
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4.1. Timed Reachability p™™" [p"*

1

I’//Zg/et” _10t [ 1
= 10 =+
f bk

1-t 0

(=]

;fe_t" 6_3'0+f36_3t” 'P(CZ,CZ)'ngb(cz,f”')dt" dar’ | dt
0

o

(* since for all s € S/~ we have that |Post(s)| < 1 %)

= p(Co, D)

= p (sl [0,1])
~ 0.79560

As a result, we obtain

P (s0,10,11) ~ 0.99995 > 0.79560 ~ p12% ([sol., [0, 1]) and

plin(so, [0,1]) = 0.59125 < 0.79560 ~ pgi:b([so]J, [0,1]).
Thus, it holds that

[Z] P (s,D)
SE SO ~h
olar— * Pgpe(lsol, I) and
Y pg"eh
s€lsol _p

T * Peps(Isolen, D

in general.

Note that if the IMC solely consists of Markovian states, i.e. S = MS and the IMC is
a CMTC, then the quotient system preserves the average transient probability. Thus, the
timed reachability probability is in general not preserved under probabilistic backward
bisimulation on IMCs due to interactive states. Intuitively, assume that the original or,
respectively, reduced system inherits at least one state s with Post.(s) > 1, whereas in the
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4. Property Preservation under ~°

corresponding quotient or, respectively, original IMC all interactive states have at most one
outgoing interactive transition (cf. Figure [£.1). In this case, every scheduler D € GM has to
choose one direct successor state in the original (respectively, reduced) system, whereas in
the quotient (respectively, original) model there is no choice to be made as every interactive
state has a unique direct successor. The following Theorem [4.1.3proves that for CTMCs, the
maximum and minimum timed reachability probabilities are preserved. The original proof
can be found in [21], which is adapted to our setting and definitions.

THEOREM 4.1.3 ([21] TiMED REACHABILITY PRESERVATION UNDER ~? FOR CTMCs )

Let T = (S, Act,—,=,50, AP,L), be an IMC with S = MS and I /~'= (S§/~!, Act,— _,, = s
,[s0l.s, AP, L ) its quotient system under ~Y. Let] C I be an interval, G C S the set of goal
states, which is closed under ~?, and G/~ its corresponding set of equivalence classes under
S/~Y. Then

Leclsgl_, PE™ (D)
OIIESW = PZ%([SoLb,D.

min

An analogous statement holds in case of the minimum timed reachability probability p{

and pgjfb.

Proor Let IMCs I and 7 /~?, the goal set of states G and interval I be as before with S = MS.
Define G as the G-corresponding set of equivalence classes in S/~?, i.e. G = G/~!. In the
following, the overline ~ signifies that we are pertaining to values and computations in or
elements of the quotient IMC 7/ ~b Let fo, f1,... and fB, ﬂ, ... be the respective sequences of
functions computed to obtain the least fixed points p"* for I, G, and I and 5"* for I /~,G,
and I in Theorem Our aim is to show that for every interval | € 3, equivalence class
[s].s € S/~F, and i > 0, it holds that

~ Zse[s] fl(sr])
flls), ) = =T

Sproston and Donatelli [21] proved our statement by showing that the average transient
probability expressed in Continuous Stochastic Logic is preserved in the quotient CTMC.
This can be seen as follows. Recall that the CSL formula /G can be reformulated to true U' G,
i.e. oIG =¢cgr true U' G. We will not go into CSL details here, but the reader can find more
information in [19,[21}23]. To identify the set G in terms of CSL, we define a fresh atomic
proposition, a say, thatisnotin AP and set AP” := APU{a}and L'(s) := L(s)U{a }ifs € Gand
L (s):=Lu(s)U{altifse G and we obtain two IMCs I’ = (S, Act, —,=,50, AP’,L’) and
I |~P=(S)~b, Act,—> b, => s, [s0] e, AP, L’ ,) that are isomorphic to their original systems
up to the advanced a-labeling of the goal states. Note that adding a label to equivalence
classes does not have any impact on the system’s maximum probability of reaching a goal

Ysels) 5 fis))
bl foralli > 0 if

state. Then, by Lemma 5.1 in [21], we can establish fi([s] s, ]) = eI

s € MS and since S = MS, it follows directly that

Zse[s] PZ’“(SJ) . Zse[s] Pgi"(SJ)
T = P solu, D) = pl (Isolw, ) = — n
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4.2. Minimum/Maximum Expected Time eT™min [eTmax

4.2. Minimum/Maximum Expected Time eT"" /eT"*

The next property we will consider describes the minimum/maximum amount of time
needed to reach a goal state s € G in some IMC 7, where the definitions are based on [11}20].
Let 7t € Paths® be an infinite path in 7. The (extended) random variable

Vo(m)={teRsg | GN @ £ 0}

describes the elapsed time on 7t = sy ot $1 _oh, ... before a state in G is reached for the
first time, where min(0) = max() = +oo. The function eTP(:, oG) : S > [0, o0) is defined as

eTP(s,0G) = [, . . V() Priy(dn).

It computes the expected time to reach a goal state, given some scheduler D € GM. The
minimum expected time to reach a goal state from state s of IMC 7 is given by the function
eT™(.,0G) : S [0, ), which is defined as

eT™"(s,0G) = inf {eTP(s,oG) }.
DeGM

Analoguously, in case of the maximum, the function eT"*(-,¢G) : S + [0, o0) is defined by

eT"(s,0G) = sup {eTP(s,oG) }.
DeGM

According to Guck et al. [11]], the function eTmin (resp., eT™*) is the least fixed point of the
Bellman operator.

Tueorem 4.2.1 ( [11] Mintmum/Maximum ExPECTED TIME AS LEAST Fixep POINT)
Let 7 be an IMC and G C S a set of goal states. The function eT™" : S - [0, o) is the unique
fixed point of the Bellman operator

ﬁ + Ywes P(s,8) - v(s") ifs € MS\G

[L(o)](s) = { min v(s") if s € IS\G
si>s’
0 ifs e G.

An analogous statement holds for the maximum eT™* except that in an interactive state,
the maximal successor will be chosen, i.e.

[L(0)](s) = max v(s")
s
if s € IS\G. [
We will now show that the quotient system under ~V does not preserve the (average)
minimum and maximum expected time. (Note that in the Appendix in Table[A.T|the reader is

provided with the .ma-files for checking the results with the IMC Analyzer [10] implemented
by Dennis Guck.)
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4. Property Preservation under ~°

THEOREM 4.2.2 ( ExPECTED TIME IS NOT PRESERVED UNDER ~" )

Let 7 = (S,Act,—,=,50,AP,L), be an IMC and I/ ~f'= (S/ ~! Act,— _»,=_,
,[s0]l.s, AP, L_») its quotient system under ~P. Let G C S be the set of goal states, which
is closed under ~? (i.e. G is the union of zero or more equivalence classes under ~P), and
G/~! its corresponding set of equivalence classes under S/~°. Then

Lectsgl_ €T (s,5G)

I[so] sl

# eT™"([s50] s, 0G/~Y),

in general. An analogous statement holds in case of the maximum expected time eT"** in
the original and eT™" in the quotient IMC.

Proor To prove our statement, we assume that the minimum/maximum expected time in
the quotient is (in average) equal to that of the original system. First note that since [so].s is
always a singleton (cf. page[d), it holds that

Teetigl_, €T (0G)

[[s0] ol

Z‘SE[SO]Nb ETmm (S/OG)

I[s0] o1

= eT™"(s0, ©G) and, similarly, = eT"(sg, oG).

We will explicitly compute these values for the probabilistic backward bisimilar IMCs given
in Figure and show that the results do not coincide. For that, let G = { s3,s4 } and
G/~Y={[s3].» } = Cy. Note that, as we assume the systems to be closed, all internal actions
emanating from a state must be uniquely labeled when measuring probabilities (see page
[7). Thus, for the following computation, we will rename the outgoing internal actions of
state sg in IMC I as follows: sy L s1 and sp == sp.

Following Guck et al. [11], we can compute the minimum (resp. maximum) expected time in
both IMCs according to the fixed point computation given in Theorem [#.2.1] In the original
system the minimum and maximum values must be computed separately, as it exhibits a
nondeterministic choice in state sg.

eT"" (s, oG)
= min {eTmi”(s’, <>G)}

so—s’

= min {eTmi”(sl, oG), eT""(s,, <>G)}

— 7 1 ’ min ¢ ./ 1 ’ Min ¢ ./
= min {E(sl) + % P(sy,s") - eT"™(s’, G), _E(sz) + é P(sy,s’) - eT"™(s’, oG)
= min {% + P(s1,53) - €T™"(s3, 0G) + P(s1, 54) - eT"" (54, 0G),

1% + P(sy,55) - €T""(s5, 0G) + P(s, s6) - eT""(s6, <>G)}

. (1 5 5

—mm{ﬁ+m-0+ﬁ-0,

1 5 1 ’ Min ( ./

5+ 10 [E(S5) +§§P(S5,s ) - eT™in(s ,oG)]+
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4.2. Minimum/Maximum Expected Time eT™min [eTmax

5
- P Tmzn
o [—E(S +;5 (6,5") - eT™"(s’, oc))}
— i il 1 1 min ) 1(1 min )}
—mzn{10,10+2 (1+P(S5,S3) eT"™(s3,0G) +2 7 + P(sg,54) - eT"" (54, ©G)
(11 1 1 1 1
=mingg5+5 (14505 (1+50)}
—min{i l+1+1}
B 1010 2 2
—min{i E}
a 10" 10
=min{0.1,1.1}
=0.1

For the maximum expected time, we have to choose the successor of state sp which maxi-
mizes the expected time. Hence:

eT™(s0, ©G)

1 11
107 10}
= max{0.1,1.1}
=11

= max{

Next, we compute the maximum and minimum expected time in the quotient system for
reaching a state in G/~.

eT""([s0]., ©G/~")

= eT""(Co, 9G/~")

= min {eT""(s',0G/~")]

COLS'
min {eT"™"(Cy, oG/~")}
eT""(Cy, 0G/~")

+ ) P(Cs) - €T, oG/~
s’eSKb

" E(Cy)

= 11—0 + P(C1/ CZ) eTmln(Cz, <>G/~b) + P(Cll C3) eTmln(C?” <>G/~ )

_l i i —1 min b
IR [E< G ;;bP(C?”S) TS, 0G/~")

1 1 1
‘E*E'(“I'O)
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4. Property Preservation under ~°

1
=—+

0
_ 6
0

—_
N[~

1
(* since for all s € S/ ~ we have that |Post, () <1%

— eTmaX(CO, <>G/~b)
= eT"™*([s0]s, ©G/~")
=0.6

As a result, we obtain

eT""(sg,0G) = 0.1 < 0.6 = eT""([sp] .6, ©G/~") and
eT" (s, 0G) = 1.1 > 0.6 = eT"™™*([sg] s, ©G/~?).

Thus, it holds that

Zse[s ] eTmin(SIOG) .
ONHbST # eT""([s] s, ©G/~P) and

256[50] b eT’”’""(s,oG)
T Tsolel

# eT"([s0] s, <>G/~b)

in general. ]

4.3. Minimum Long-Run Average LRA™™"

The third property refers to the minimum/maximum fraction of time spent in a set of goal
states G C S starting in the initial state sy of some IMC 7. Definitions again are based on the
approaches in [11}20]. The random variable

Ag(m) = lim} i Io(n@u)du

is the time spent in G on the infinite path 7t on the long-run, where I (n@u) = 1if n@uNG # 0
and 0 otherwise. The function LRAP(-,G) : S [0, 1] is defined as

LRAP(s,G) = [, . .. Ac(r)Pri(dm)

and computes the percentage of time spent in G in the long-run starting in state s of IMC 7.
The minimum long-run average then is given by the function LRA™"(-,G) : S + [0, 1], which
is defined as

LRA™"(s,G) = inf { LRAP(s,G) }.
DeGM

Analogously, in case of the maximum long-run average, the function LRA™*(-,G) : S = [0, 1]
is defined as

LRA™™X(s,G) = sup { LRAP(s,G) }.
DeGM
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4.3. Minimum Long-Run Average LRA™"

Note that due to the fact that interactive states are instantaneous, their average residence
time is always zero. Thus, we may safely assume w.l.o.g. that the set of goal states solely
consists of Markovian states, i.e. G € MS.

Guck et al. [11] presented an algorithm to obtain the minimum/maximum long-run average
in IMCs of which we will now provide the basic details. Afterwards, we will compute both
minimum and maximum for an IMC and its quotient in Theorem thus proving by a
counterexample that the long-run average is not preserved under probabilistic backward
bisimulation. In the following, we will ignore the labeling of the states of the IMC, as the
long-run averages focusses on reaching initially specified goal states.

DerFINITION 4.3.1 ( MAXIMAL END COMPONENT )
Let I = (S, Act,—,=, 59, AP) be an IMC.

o A sub-IMC of 1 is a pair (S',K), where S’ C S and K is a function that assigns to each
state s € S” a set @ # K(s) C Act(s) of enabled actions, such that for all ¢ € K(s) the

reachable successors are included in §’,i.e. s — t or s ANy impliest € S'.
e An end component is a sub-IMC, whose underlying graph is strongly connected.

e Anend component is maximal w.r.t. Kif it is not contained in any other end component
(8”,K).

DerinITION 4.3.2 ( MARKOV DECISION PROCESS )

A Markov Decision Process (MDP) is a tuple M = (S, Act, P, s9), where S, Act and sy are as for
IMCsand P : S X Act X S + [0, 1] is a transition probability function, such that for all s € S and
a€Act, Y o5 P(s,a,8)€{0,1}.

DEFINITION 4.3.3 ( STOCHASTIC SHORTEST PATH PROBLEM )

A non-negative Stochastic Shortest Path Problem (SSP Problem) is a tuple $ =
(S, Act,P,so, G, c,g), where (S, Act, P, sp) isan MDP, G C S is a set of goal states, ¢ : S\GX Act —
Rs is a cost function and g : G — Ry is a terminal cost function.

An inifinite sequence m = sg =9 S1 N S 2, isa path in the MDP if foralli > 0,s; € S
and P(s;, @j,5i+1) > 0. The accumulated cost along path 7 of reaching a goal state in G is
denoted by Cg(n) and is computed as the sum over all costs of taking action «; in state
s; plus the final cost of state sy € G, where k is the minimal index, such that sy € G, i.e.

f;ol c(si, ;) + g(sx). The minimal expected costs of reaching a goal state in G starting in a
state s € S in some SSP P will be denoted cR™" (s, +G) and is defined as

cR™"(s,0G) = inf Znepmw Co(m) - P (m),
D abs

where Paths®, ~denotes the set of (time-abstract) infinite paths in the MDP and Pr“’[‘;bs the
probability measure on sets of paths in the underlying MDP that is induced by scheduler D
and initial state s (see Guck et al. [11]. The definition in case of the maximal costs cR™*(s, ¢G)
is analogously. The minimal expected cost reachability can be computed by solving a linear
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4. Property Preservation under ~°

programming problem with variables { x; }ses\c. The task is to maximize the sum over all
xs-variables subject to the the following constraints for every s € S\G and « € Act:

X5 < (s, a) + ZS,ES\G P(s,a,s) - x + ZMG P(s,a,8) - g().

The algorithm to compute the minimum/maximum long-run average in a given IMC 7 is
organized in three main steps, where for the first a graph-based algorithm is applied (e.g. [5])
and for the last two linear programming problems have to be solved (for more information
see [11]]).

(1) Determine the maximal end components { 71, ..., I } of 1.
(2) Determine LRA™"(G)/LRA™*(G) in maximal end component I jforallje{1,.. k}
(3) Reduce the computation of LRA™i"(sy, G)/LRA™*(sg, G) in IMC T to an SSP Problem.

The second phase requires the transformation of the IMC’s maximal end components into
MDPs with two cost functions c1,c3 : S X (Act U { L }) = Ry, each of them describing the
cost for taking some action « in state s along some path n. The long-run ratio is the ratio

between c; and c; along the infinite path © = sg 2, S1 A, S 2, ...in the MDP M and is
defined by

n-1

—n C1(Si, &
R(r) = lim —;_01 i l).
e Yino Ca(si aj)

The minimum long-run ratio objective (and, analogously, the maximum long-run ratio objective)
for state s of MDP M is defined by

. . b
Rmm(s) = lannepaths“’ R(T() ' Pr?,)Du s(n)'
D abs

which can be computed by solving a linear programming problem [8]. According to the fol-
lowing constraints for each state s € S and o € Act, we obtain a linear system of inequalities

x <ol @) —k-oia)+ ) PEas) X
S

with real-valued variables k and x; and where k is to be maximized.
The following Definition allows the transformation of an IMC into an MDP with two
cost functions.

DEeFINITION 4.3.4 ( TRANSFORMATION OF AN IMC INTO AN MDP)
Let I = (S, Act,—,=,50, AP) be an IMC and G C S a set of goal states. The induced MDP
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4.3. Minimum Long-Run Average LRA™"

is M(Z) = (S,Act U{ L },P,sp) with cost functions ¢; and c;, where

R(s,s’) - _
e fsEMSA Oa_ n
P(s,0,8) = {1 ifselSAs s
0 otherwise
1 . ~
Cl(S,G) = EG) ifseMSNGAo=_L1
0 otherwise
1 . ~
0(s,0) = {EO ifse MSAo =1
0  otherwise.

This transformation results in an MDP with two cost functions ¢; and ¢;, where ¢; monitors
the average time spent in a goal state s, whereas the c; keeps track of the average residence
time spent in an arbitrary Markovian state. The authors then have shown that the long-run
averages of unichain IMCs, “i.e. IMCs that under any stationary deterministic scheduler
yield strongly connected graph structures”, is equal to the long-run ratio objectives of the
corresponding transformed MDP.

TaeorReM 4.3.1 ([11] LRA™™"(s, G) EQUALS R"‘i”(s) )
For unichain IMC 7, LRA™"(s, G) equals R""(s) in MDP M(Z). [ ]

The same statement holds in case of the maximum. Since an IMC’s maximal end com-
ponents are unichain IMCs [11], it follows that their long-run averages are equal to the
long-run ratio objectives of the corresponding MDPs. Note that in unichain IMCs the
long-run averages from any two states s and t are equal, such that we can simply write
LRA™"(G) instead of LRA™"(s, G) and LRA™™"(t, G).

In the third step, the original problem is reduced to an SSP Problem, i.e. we con-
sider IMCs that are not necessarily unichain. The following Lemma can be analogously
reformulated in case of the maximum.

Lemma 4.3.1 ([11] OBTaiNING LRA™" By DECOMPOSITION OF 7 )
Let I = (S, Act,—,=,s0,AP) be an IMC, G C S a set of goal states and { 11, ..., Iy | the set
of maximal end components in I with state spaces Sy, ..., Sx € S. Then

k
LRA™"(so, G) = in LRA™™G) - PrP(sy k= OS>),
D ] J
j=1

where PrP(sy [= 0S;) is the probability to eventually reach some state in S; from sy under
scheduler D and LRA;.””‘(G) is the long-run average fraction of time spent in G N §; in
unichain IMC 1 ;. ]

Computing the long-run averages can be reduced to a non-negative SSP Problem by replac-
ing each maximal end component 7 ; of IMC I by a new state u; which is not inherited in S.
Let U = { uy, ..., uy } be the set of new states for each component I ;, where UN S = (.
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4. Property Preservation under ~°

DEerINITION 4.3.5 ([11] SSP FOR LONG-RUN AVERAGE )
LetZ,S5,G C S, 7;and S; be as before. The SSP induced by I for the long-run average fraction

of time spent in G is the tuple P amin(L) = (S\ Ui.;l S;UUActU{ L}, P,s0,Uc, g), where

P(s,0,5") if 5,5 € S\UL, S;
P/(S o S,) — ZS’ESj P(S/GIS,) ifs e S\ Ui‘(:l Si As = u]», ”j clUu
” 1 ifs=s’=u;elUno=1
0 otherwise.

Here, P is defined as in Definition 4.3.4] Furthermore, g(u;) = LRAl’,”i”(G) for u; € U and
c(s,0) =0forallsand o € Act U { L }.

The definition is analogous for the maximum long-run average. In the original IMC 7, each
maximal end component 7 ; will be replaced by a fresh single state u; with a L-labeled self-
loop. The value of the terminal cost function g for each new state u; is set to the minimum
long-run average of 7, i.e. g(u;) = LRA’;“”(G). The transition probabilities are set similarly
to Definition[4.3.4} except for those leading to a state in U. In that case, the probability is the
cumulative probability of moving to one of the states in S;. Note that we are considering
closed IMCs, such that for interactive states, all outgoing transitions are uniquely labeled.
Hence, P’ is a probability function. The following Theorem shows the correctness of
the given reduction and completes the theoretical fundament of the algorithm to compute
the long-run averages in IMCs.

TaeOREM 4.3.2 ([11] CORRECTNESS OF THE REDUCTION )
For IMC 7 and its induced SSP P} g gmin it holds that

LRA™"(s,G) = cR™"(s, oU),
where cR™"(s, oU) is the minimal cost reachability of U in SSP P; g gmin (1). [

The same holds for the maximum long-run average.

We will now show that the quotient system under ~' does not preserve the (aver-
age) minimum and maximum long-run average. (Note that in the Appendix in Table
the reader is provided with the .ma-files for checking the results with the IMC Analyzer [10]
implemented by Dennis Guck.)

THEOREM 4.3.3 ( LONG-RUN AVERAGE IS NOT PRESERVED UNDER ~" )
Let I = (S, Act,—,=,s9,AP,L) be an IMC and 71/ ~b= (S/ ~VAct, — =
,[s0].s, AP, L_+) its quotient system under ~b Let G C S be the set of goal states, which
is closed under ~’ (i.e. G is the union of zero or more equivalence classes under ~), and
G/~ its corresponding set of equivalence classes under S/~'. Then

Zse[so]~b LRA™n (s,G)

[[sol s

# LRA™"([s0], G/~P).

An analogous statement holds in case of the maximum long-run average LRA™ in the
original and LRA™"* in the quotient IMC.
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4.3. Minimum Long-Run Average LRA™"

Proor To prove our statement, we assume that the minimum/maximum long-run average
in the quotient system is (in average) equal to that of the original system. Recall that, by
definition (cf. page), equivalence class [s].» is always a singleton and hence, it holds that

Lsefsg]_, LRA™(5,6)

[[so] ol

Lselsg]_, LRA™(s,G)

[

= LRA™"(sy,G) and, similarly,

= LRA™% (s, G).

We will now compute these values according to the algorithm by Guck et al. [11] presented
above for the closed IMCs given in Figure where the left IMC 7 is the original system
and the right is its probabilistic backward bisimulation quotient 7/~’, and show that the
resulting long-run averages do not coincide. Due to the assumption that all internal actions
emanating from a state must be uniquely labeled when measuring probabilities (see page
[7), we will rename the outgoing internal actions of state sg in the original model as follows:

5o = 51 and sy => s,. Also note that the original and reduced system are probabilistic
backward bisimilar:

~r=(( ), (51, C1), (52, C1), (53, C2), (54, C2), ( ) ( ), (57,Cy4), (s, C4) }.

Let G = { 53,54 } and G/~'={[s3]_s } = { C» } be the set of goal states in the original system

Figure 4.2.: IMC I (left) and its Quotient System 7/~ (right)

and the corresponding set of goal states in the quotient, respectively. We commence with
the computation of the minimum and maximum long-run average in the original system.
In the first step, we have to determine the maximal end components (MECs) { 77, ..., I } of
IMC 7. Note that the complete system 7 is a MEC of IMC 7, since it is a strongly connected
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4. Property Preservation under ~°

graph and is not contained in any other end component. Thus, in phase two, we solely
have a single MEC for which we need to determine LRA™"(G) and LRA™™(G). To do so, the
maximal end component 7 must be transformed into an MDP M(Z) = (S,Act U { L },P,sp)
with cost functions ¢; and ¢, according to Definition For Markovian transitions in
the original system, we obtain the transition probability function P by dividing the rate
R of moving from some state s to some state s” by the total exit rate E of s. The results
can be found in Table For the internal action 71, we have that P(sg, 71,51) = 1 and

P(s, L,s") Ses s€5 So | S1|S2| 53| Sa|S5|Se|S7|Ss
S0 ojofojo[oJoJo]o]oO
s1 ojofo[x[Zx[ofo]o]o
$2 ojofofofo[Z[F]0]0
s3 ojofojof[oJoJo]3]oO
54 ojofoJof[oJo]o]o0]3
S5 ojojo[1]o0]0o]O0]O0]O
S6 ojojo[o]i]0o]0][0]O
s7 oj[ofoJof[ofJoJoJo]oO
s ojofoJof[ofJoJoJo]o

Table 4.1.: Transition Probability Function in MDP M(Z) for Markovian Transitions in 7

P(s,71,5") = 0 for all remaining pairs (s,s") € (S X S)\{ (so,s1) }. Similarly, P(so, 72,52) = 1
and P(s, 12,5") = 0 for all pairs (s,5") € (S X S)\{ (so,52) }. Considering internal action 7, we
obtain the transition probabilities P(s7, 7,s0) = P(sg,7,50) = 1 and P(s, 7,s") = 0 for all pairs
(s,8") € (S X S)\{ (57,50), (s8,50) }. Cost function c; keeps track of the average residence time
% spent in a goal state s € G = { s3,54 }. Thus, c1(s3, L) = c1(s4, L) = % and ci(s,0) = 0
for all (s,0) € (S X Act U { L H\{ (s3,L1),(s4, L) }. The second cost function c, reflects the
average residence time spent in a state in S. Table 4.2| provides these values for Markovian
transitions. Note that the residence time spent in an interactive state is always zero and thus,
we obtain cy(s,0) = 0 for all s € S and 0 € Act. Next, our aim is to compute the long-run
ratio R™"(sp) and R"%*(so) of MDP M(Z), as they coincide with the minimum and maximum
long-run averages of IMC I (cf. Theorem [4.3.1), respectively. To do so, we have to solve
the‘ linear programming problem presented on page For the minimum long-run ratio
R™"(sp), we obtain the following system of inequalities:

Xs, < c1(S0,71) — k- c2(s0, 1) + Zs,es P(so, T1,5") - Xy

Xsg < c1(S0,T2) — k- ca(so, T2) + Zs’es P(so, 12,8") - xs

Xs, < Cl(Slf J‘) —k- CZ(Sl’ J_) + ZS'GS P(Sll 4, S’) * X!
Xs = c1(s2, J—) —k- C2(52, J') + ZSIES P(S2/ L, S,) " Xg/
Xs; < c(ss, L) —k-cafss, L) + Zs/es P(s3, L,8") - xs
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Xs, < C1(84,L) —k-casg, L) + ZS/GS P(sy, L,5") - xs
X < cilss, L) =k oa(ss, 1)+ ) P(ss, 1,8 xy
Xse < c1(s6, L) —k-co(se, L) + ZS’GS P(se, L,8") - xs
Xs; < c1(s7,T) —k-casy, T) + Z‘s’es P(s7,1,5") - xy
ng S Cl(s8/ T) — k . C2(58/ "C) —+ Zsles P(SB, T, S/) . xS'
X5 < 0-k-0+ P(So, T1, Sl) " Xsy
Xsy = 0-k-0+ P(SO/ T2, 52) " Xs,

1
Xy < 0—k- 10 +P(s1,L,83) - xs, + P(s1, L, 54) - Xs,

1
x, < 0—k- ot P(s, L, 5) - Xs5 + P(s2, L, S6) - X,

1 1
Xs, < 5 —k- g + P(S3/ L, 57) * Xs,
1 1

Xy, < g —kog+Plss, L ss)xs

1
X5 < 0—k- 1 + P(s5, L,83) - Xs5

1
Xsg < 0-k- i + P(s6, L,54) - Xs,
Xs;, < 0—k-0+P(s7,7,50) - X5,
Xsg < 0—k-0+P(ss,7,50) - x5,
XSO S - k * 0 + 1 * xSl (4.1)
X < 0—k-0+1-x,, (4.2)
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5
X5, < O—k-E+10 xs3+ﬁ-xs4 (4.3)
1 5 5
XSZ S O_k'ﬁ+ﬁ'xS5+ﬁ'xs6 (4.4)
1 1 3
Xs, < g—k'§+§'xs7 (45)
1 1 3
Xy < g—k-§+§'x58 (4.6)
1 1
Xss =< O—k'I+I'Xs3 (4.7)
1 1
X56 S 0 - k I i ° Xs4 (4.8)
xS7 S O—k'0+1'X50 (4.9)
Yo € 0—k-0+1-xq (4.10)

We will not go into details on how to solve this linear programming problem but the
interested reader can find more information in Wunderling [22]]). However, maximizing
real variable k subject to the constraints (4.1) to (4.10) leads to R™"(sp) ~ 0.23256 and,
according to Theorem it follows that LRA™"(G) ~ 0.23256. In the third and last step,
the non-negative SSP Problem P} g 4min (1) (see Definition , which is induced by IMC 1
(cf. Definition [4.3.5), is to be solved. The induced SSP P} g gnin (1) is obtained from IMC I by
replacing each MEC 7; in 1 by a fresh state u; ¢ S and equipping u; with a L-labeled self-
loop. Since 7 itself is the only MEC, we obtain the SSP P; g yuin(L) given in Figure where
S=UU={u},P'(u L,u)=1,gu)=R""(sp) = LRA™(G) ~ 0.23256, and c(u, L) = 0. Now,

u
1
Figure 4.3.: Induced SSP P  gmin (1)

since LRA™"(G) = LRA™" (s, G) for all states s in the MEC I (cf. page @ and according to
Theorem it immediately follows that

cR™™"(so, oUl) = LRA™™ (59, G) = LRA™"(G) ~ 0.23256.

For the maximum long-run average, the computations are similar and we obtain
LRAI’IMX(G) = RmaJC(SO) ~ 0.76923. The SSP PLRAmax(I) is the same as the SSP PLRAmin(I),
except that g(u) = 0.76923. Using the same argumentation as in case of the minimum, we
obtain

cR™™(sp, oU) = LRA™(sg, G) = LRA™*(G) ~ 0.76923.

It remains to compute the minimum and maximum long-run average for the reduced
model 7 /~P. As for the original system, the quotient J/~’ is a maximal end component and
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4.3. Minimum Long-Run Average LRA™"

transforming it intoan MDP M(Z /~) leads to P(Co, 7, C1) = P(C4,7,Co) = 1and P(s,7,5") = 0
forall (s,s") € (S/~! xS/~P)\{ (Co, C1), (Cs, Co) }. For the Markovian transitions, the transition
probabilities can be found in Table Furthermore, we have ¢1(C, 1) = %, c1(s,0) = 0 for

se§/~b
P(s, L,s") s €5/t / Co|CrL | C| Cq|Cy
Co O|l0]0|01]O0
Cq 0] 0 15—0 % 0
Cs 0| 0010 %
Cs 0] 0 % 010
Cy O|0]0|01]O0

Table 4.3.: Transition Probability Function in MDP M(Z/ ~P) for Markovian Transitions in

I/~

all (s,0) € (S/~ xAct U{ L P)\{ (C2, L) }, and c2(Cy, L) = %, 2(Cy, L) = %, (Cs, L) = %,
and cy(s,0) = 0 for all (s,0) € (S/~? xAct U{ L Y\{ (Cy, L), (Ca, L),(Cs, L) }. Next, we need
to compute the long-run ratio R""([sp].;) and R"*([so].s), i.e., in case of the minimum,
maximize real variable k subject to the following constraints (4.11) - (4.15):

xe, < c1(Co, 1) —k-c2(Co,T) + Zs’es P(Co,7,5") - xs
Xc, < Cl(Clz J—) —k- CZ(Cl’ J') + Z‘S’ES P(Clz 1, S’) " Xy
Xc, < 0 (C2’ J‘) —k- CZ(CZ’ J_) + Z‘s’es P(CZ/ 1, S’) " Xy
xc; < a(Cs L) —k-c(Cs, L) + ZS/es P(C3, L,5) - xy
xc, < ¢1(Cq1)—k-c2(Cy 1) + ZS,ES P(Cy, L,5") - xy
Xc, < 0-k-0+ P(CO/ T, Cl) e
1
xe, < 0—k- T P(Cy, L,C2) - xc, + P(Cy, L, C3) - xc,
1 1
sz S § - k * 3 + P(C2/ J-/ C4) : xC4
1
XCy < 0-k- I + P(C3/ 1, CZ) " XC,
Xc, < 0—k-0+P(C4,J_,CO)‘xC0
xc, < 0-k-0+1-xc (4.11)
1 5 5
< T = . .
R TR TR R TR 12
1 1 3
sz < g_k.§.|_§.xc4 (413)
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4. Property Preservation under ~°

1 1
xc; < 0—k- 1 + 1 Xc, (4.14)
xe, < 0- k-0+1- Xc, (4.15)

As a result, we obtain R""([sq] .+) ~ 0.35714 and furthermore, the induced SSP P g gmin (I /~7)
is equivalent to Py gnin(r), except that g(u) = R™"([so].s) = LRA™"(G/~") ~ 0.35714. For
the maximum, it turns out that LRA™*([sg].s, G/ ~’) = LRA"™*([so]s, G/ ~) ~ 0.35714.
Intuitively, this is due to the fact that, in the reduced system 7/ ~P there exists no state
s € S/~ with |Post(s)| > 1 and thus, for any scheduler D € GM, there is no decision to be
made. Following page#7|and Theorem we have that

cR™"([s0] .6, oU) = LRA™"([s9] o, G/~") = LRA™™(G/~")
0.35714
LRA™X(G/~) = LRA™™([so] s, G/~P) = cR"™™*([s0] s, oU).

2

2

As a result, we obtain

LRA™"(s, G) = 0.23256 < 0.35714 = LRA™"([so] s, G/~") and
LRA™™ (s, G) = 0.76923 > 0.35714 = LRA™*([s] s, G/~").

Thus, it holds that
Zse[s ) LRA"’i’l(S,G) )
SRoT—— # LRA""([s0] s, G/~") and
Lselsgl_, LRA™(5,6)
T * LRA™([s0ls, G/~Y)
in general. -

4.4. Probabilistic Semi- and Partially Backward Bisimulation

In this chapter, we will shortly discuss two variants of probabilistic backward bisimulation
and check, whether they allow for reductions that actually preserve timed probabilistic
properties, such as (average) minimum and maximum timed reachability, expected time,
and long-run average. The first version replaces the rate condition (4) of Definition 3.1.1]by
the forward rate condition (3) of Definition The second transforms requirement (2)
and (3) on interactive transitions of Definition[3.1.1]into statement (2) of Definition|3.3.1

4.4.1. Forward Condition for Rates

One of the problems when it comes to minimization with respect to probabilistic backward
bisimulation is that original and reduced system are in general not bisimilar. This was due
to the fact, that the rate condition (B.4) of Definition[3.1.2)is in general not preserved. As an
idea to resolve this complication, we will now introduce a semi-backward variant of pbb,
where condition (B.4) is transformed into a forward condition on the rates of potentially
bisimilar states.
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4.4. Probabilistic Semi- and Partially Backward Bisimulation

DerFINITION 4.4.1 ( PROBABILISTIC SEMI-BACKWARD BIisimiLAr IMCs)
Let 7; = (S;, Act,—;,=,50,i, AP, L;), i = 1,2, be two IMCs. A probabilistic semi-backward
bisimulation, psbb for short, for (I1,1>) is an equivalence relation R C S X Sy, such that

(A) (501,%02) €R,
(B) for all (s1,52) € R and equivalence classes C € (S; W Sp)/R
(1) L(s1) = L(s2),
(2) for any a € Act, T(C,a,51) = T(C, a, 52),
(8) Post,(s1) = 0 if and only if Post,(s2) = 0, and
(4) if Post;(s1) = @ then R(sq, C) = R(s2, C),
where (S1 W S;)/R denotes the state space 51 W S, with respect to R, i.e. the set of all
psbb-equivalence classes under R.
Iy and I, are psbb, denoted I, ~b 7, if there exists a probabilistic semi-backward

bisimulation R for (1, 17).

Note that psbb-equivalent states s, s, have the same exit rates E(s;) = E(sz), such that we
can omit condition (B.5) of Definition safely. Next we provide the formal definition of
the quotient system of some IMC I under ~*.

DeFINITION 4.4.2 ( QUOTIENT SYSTEM UNDER ~°7 )
For IMC I = (S, Act,—,=,50, AP, L) the probabilistic semi-backward bisimulation quo-
tient IMC 7 /~% is defined as follows.

]/~5b: (S/~5b,Act, — ., = _s,[S0] v, AP, L _s),
where

a
s—t

e — . is defined by , o € Act,

[S] ~sb i) ~sb [t],.,sb

o —  is defined by

A
s =5t

A J; with AZ = ZtE[thb R(S/ t)/ /\1/ /\2 € l]R>0/
[s].0 = [t]

and

o L_o([s].s) = L(s).

We will now show that original and reduced system under ~%

equivalent.

are in general psbb-

THEOREM 4.4.1 (PSBB EQuIVALENCE OF J AND 7 /~%)
Let 7 = (S,Act,—,=,50,AP,L), be an IMC and I/ ~= (S/ ~*,Act,—_4,=_s
,[s0], AP, L_s) its quotient system under ~**. Then
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T sb I/~Sb.

Proor Let 7 beaIMC and 7/~ its psbb quotient system. Let R = { (s, [s].«) |s € S) }and C €
(SwS/~%)/Rbe an equivalence class under R, which is defined as C = { t1, ..., ty, [t] .o | []sv €
S/~*,t; € [t] .o, n = |[t]_«| }. By definition of the quotient system under ~*, it can easily be
seen that conditions (A) through (B.3) of Definition are satisfied by all pairs of states
in R. To show statement (B.4), first observe that by definition

R(S,{ tl,..., t, }) = R(S/,{ tl,..., t, }) (4.16)

for all states s’ € [s]_ s, where { t1, ..., t;, } = [t].». It remains to show that R(s,{ t1,...,t, }) =
R([S]~Sb/ [t]~sb):

R([s] -, [t]-)
(* according to Equation and by Definition )

Z R(s, 1)

te[t]Nsb

(* by Definition of R*)
= R, {t1, ..., tn ),

for all states s € [s]_+. Thus, condition (B.4) holds and it directly follows that the original
IMC 7 is psbb-equivalent to its quotient model 7/ ~sb, [ |

Observe that, in contrast to the quotient under ~Y the minimized system under ~Sb pre-
serves exact and not average rates. Next we provide counterexamples to prove that (average)
minimum and maximum timed reachability, expected time, and long-run average are not
preserved under ~%. (Note that in the Appendix in Table the reader is provided with
the .ma-files for checking the results with the IMC Analyzer [10] implemented by Dennis
Guck.)

THEOREM 4.4.2 ( TIMED REACHABILITY 1S NOT PRESERVED UNDER ~°7 )

Let 7 = (5, Act,—,=,59,AP,L), be an IMC and I/ ~Sh= (S/ ~PAct, — 0, = s
,[s0]l.s, AP, L_s) its quotient system under ~b TLet I C I be an interval and G C S the
set of goal states, which is closed under ~sb (i.e. G is the union of zero or more equivalence
classes under ~*), and G/~ its corresponding set of equivalence classes under S/~%. Then

pc (s, D) # plilu(lsols, D).

min

An analogous statement holds in case of the minimum timed reachability probability p{!

in the original and p'gjfsb in the quotient IMC.

Proor Wewill proceed analogously to Theorem Observe that, since [so] .« is a singleton
by definition (cf. page[d), we have that the average minimum and, respectively, maximum
timed reachability probability coincides with the minimum and, respectively, maximum
timed reachability probability, i.e.

ZSE[S 1s pe () . Yisels s pmin(srl) .
T = Pa"(s0,D) and, equivalently, ———— = pi"(s0, ).
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4.4. Probabilistic Semi- and Partially Backward Bisimulation

Our computation is again based on the algorithmic approach by Neuh&ufser [18] (see The-
orem {4.1.1), which will be applied to the IMCs given in Figure where the IMC 7 on the
left is the original model and I/~ is its psbb quotient. Note that original and reduced sys-
tem are psbb and we can provide the following probabilistic semi-backward bisimulation
relation:

~b={( ), (51, C1), (52, C1), (s3,C2), ( )}

We will calculate the maximum and minimum timed reachability probabilities for both,
original and quotient model, of reaching a state in G = { s3 } and, respectively, G/ ~Sh=
{[s3]. } = { C2 } in the interval I = [0, 1]. However, we will not present all computational
details here, but simply the main results:

pE(so,[0,1]) ~ 0.83145 < 0.99752 ~ prgljﬁh([so]Nsb, [0,1]) and

pein(so,10,11) ~ 0.83145 > 0.79824 ~ pi, ([so] =, [0, 11).

Thus, it follows that
pet(s, 1) # p, ([solws, I) and

) GA
prézﬂ’l(s, I) * pgzsh([SO]Jb’I) u
in general.
I J Vi /~sb J
so  {z} Co {z)
/ X ) ‘
1] 1] 1]
T T
T T

20 C@ 5 54 20 C@ 5 Cs
{a} 0 {a} 0

Figure 4.4.: IMC I (left) and its Quotient System 7/ ~sb (right)

(For the expected time analysis, the reader can reuse the .ma-files given in Table for
checking the results with the IMC Analyzer [10] implemented by Dennis Guck.)

TueEOREM 4.4.3 ( ExPECTED TIME IS NOT PRESERVED UNDER ~°7 )

Let 7 = (S, Act,—,=,50,AP,L), be an IMC and I/ ~= (S/ ~*,Act,—_4,=_s
,[s0l.ss, AP, L_s) its quotient system under ~P Let G C S be the set of goal states, which
is closed under ~* (i.e. G is the union of zero or more equivalence classes under ~*), and
G/~ its corresponding set of equivalence classes under S/~**. Then
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eTmin(S, oG) # eTmin([SOLSh/ <>G/~sb)/

in general. An analogous statement holds in case of the maximum expected time eT"** in
the original and eT™"* in the quotient IMC.

Proor First observe that the average minimum and, respectively, maximum expected time
coincides with the minimum and, respectively, maximum expected time, since [so].« is a
singleton by definition (cf. page[), i.e.

Lectsol_ €T (6,°6)
[so] s

ZS€[50]~Sb eTmin (S,OG)
Ilso]_sp!

= eT"" (59, oG).

= eT"(sp, ©G) and, equivalently,

Our proof is similar to that of Theorem According to the fixed point computation
given in Theorem (cf. Guck et al. [11]), we will calculate the minimum and maximum
expected time for the psbb-equivalent IMCs I and 7/~ given in Figure where G = {53}
and G/~"= { C, }. We will not provide the computational details here, but solely the main
results:

eT™in(s9,0G) = 0.58333 > 0.16667 = eT™"([30] s, ©G/~) and
e (59, G) = 0.58333 < 0.66667 = eT"*([s0] s, ©G/~T).

Thus, it holds that

f/,Tmin(sl 0G) # eTmm([So]Nsb/ <>G/~sb) and
eT"(s, 0G) # eT™*([so] s, ©G/~)

in general. [

(The following results can be checked using the IMC Analyzer [10] implemented by Dennis
Guck and the .ma-files provided in Table[A.4})

THEOREM 4.4.4 (LONG-RUN AVERAGE IS NOT PRESERVED UNDER ~°' )
Let 7 = (S, Act,—,=,59,AP,L), be an IMC and I/ ~= (S/ ~,Act,— _4,=_s
,[s0l.ss, AP, L _s) its quotient system under ~0 Let G C S be the set of goal states, which
is closed under ~% (i.e. G is the union of zero or more equivalence classes under ~*), and
G/~ its corresponding set of equivalence classes under S/~**. Then

LRA””'”(S, G) + LRAmi"([So]Nsb/G/~5b)-

An analogous statement holds in case of the maximum long-run average LRA™* in the
original and LRA™* in the quotient IMC.

Proor First observe that the average minimum and, respectively, maximum long-run aver-
age coincide with the minimum and, respectively, maximum long-run average, since [sg] .«
is a singleton by definition (cf. page[), i.e.

Lectsgl oy LRA™(5,G)

[[so] s

Taelsg]_yy LRA™(5,G)

[[so] s

= LRA™"(s9, G).

= LRA™*(sg, G) and, equivalently,
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4.4. Probabilistic Semi- and Partially Backward Bisimulation

The following proof is similar to that of Theorem We will compute the minimum
and maximum long-run averages in the original IMC 1 and its probabilistic semi-backward
bisimulation quotient 7/~ shown in Figure 4.5 by applying the algorithm provided in
Section (cf. Guck et al. [11]). For that, let G = { s3 } and G/~%= {[s3]_s } = { C> } and
observe that 7 and 7/~ are psbb:

~sb= { ( )/ (51, Cl)/ (52/ Cy )/ (53/ C2)/ ( ) }
Again, we will not provide the computational details, but simply the main results:

LRA™(sy, G) = 0.07895 > 0.06977 = LRA™"([s9]._%, G/~) and
LRA™ (s, G) = 0.07895 < 0.23077 = LRA™*([s0] ., G/~).

Thus, it holds that
LRA™in(s, G) # LRA™"([s] .s, G/~*) and
LRA™™*(s, G) # LRA™ ([sg]_w, G/~) n
in general.
I I /Nsb
| |
50 {z} Co ({z}
/ &\ 6
20
0 20 0 0
T T

IS
I

53 S4 Co Cs

{a} 0 {a} 0

Figure 4.5.: IMC I (left) and its Quotient System 7/ ~sb (right)

We have shown that under probabilistic semi-backward bisimulation, original and reduced
model are always psbb-equivalent but still, none of the examined timed probabilistic prop-
erties are preserved if minimization under ~** is applied.

4.4.2. Forward Condition for Interactive Transitions

Unfortunately, the problem that pbb does not preserve several timed probabilistic properties
is not solved by introducing a forward variant of the rate condition of Definition 3.1.2}
Another possibility could be to replace the requirements imposed on interactive transitions
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in Definition[3.1.2] by a the forward version (2) of Definition for probabilistic forward
bisimulation. As we have seen in both cases, psbb and pbb, the mergence of (at least) two
equivalent states of the original system into a single new one in the reduced model is
problematic. For example, consider Figure 4.5 of the previous section. In the original IMC
I, each state s; and s, has exactly one outgoing interactive transition. In those settings,
any scheduler D € GM can choose nothing but to execute the unique internal interactive
transition emanating from s; and s, respectively. However, these two states are equivalent
under psbb and hence, represented by a single new state C; in the reduced system 7/~ with
the slight but crucial difference, that C; now has two outgoing 7-transitions, as s; and s, could
reach dif ferent equivalence classes in the original systems. An analogous exemplary setting
for the probabilistic backward bisimulation equivalence relation can be found in Figure
for states s1,s2 and Cj. The issue in both definitions, psbb and pbb, is that the conditions
imposed on interactive transitions do not keep track of where interactive transitions lead to
but solely whether they exist. Thus, in the following, we will try to overcome the property
preservation problem by redefining statements (B.2) and (B.3) of Definition[3.1.2]

DEeFINITION 4.4.3 ( PROBABILISTIC PARTIALLY BACKWARD BisimiLar IMCs )
Let 7; = (Si, Act, —i,=i,50i, AP, L), i = 1,2, be two IMCs. A probabilistic partially backward
bisimulation, ppbb for short, for (I1,7>) is an equivalence relation R C S1 X Sy, such that

(A) (801,%02) €R,
(B) for all (s1,5s2) € R and equivalence classes C € (51 W Sp)/R
(1) L(s1) = L(s2),
(2) for any a € Act, T(s1,a,C) = T(s2, ¢, C),
(3) if Post(C) = @ then R(C,s1) = R(C, sp), and
(4) if Post(s1) = Post((s2) = 0 then E(s1) = E(sp),
where (51 W S3)/R denotes the state space S; W S, with respect to R, i.e. the set of all

ppbb-equivalence classes under R, and T(s,a,C) = 1 if and only if { s € C|s —> s’ } is
non-empty.

Iy and 7, are ppbb, denoted I, ~PV T, if there exists a probabilistic partially back-
ward bisimulation R for (71, 1>7).

Observe that condition (B.3) of Definition is trivially fulfilled whenever requirement
(B.2) of Definition is satisfied and thus, it does not have to be explicitly stated in the
Definition of ppbb. Our next task is to formally define the quotient system under ppbb.

DEFINITION 4.4.4 ( QUOTIENT SYSTEM UNDER ~Pb)
For IMC I = (S, Act,—,=>,50, AP, L) the probabilistic backward bisimulation quotient
IMC 7 /~! is defined as follows.

I/pr: (S/pr/ ACt/ _>~Pb/ :>~Pb/ [SO]»J—’b/ AP/ L~Pb)r

where
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4.4. Probabilistic Semi- and Partially Backward Bisimulation

a
—t
e — _, is defined by = i = o a € Act,
S ~Pb —>~pl7 ~Pb

o = , is defined by

M
- R S, t
o with = Zse[slwbl[zf“]fb CD A h e Roo,
[s].o = o [t] S| pb

and

® L_p([s].pe) = L(s).

The following Theorem m shows that original and reduced system under ~" are in
general not ppbb.

THEOREM 4.4.5 (NoN-PPBB EQUIVALENCE OF 7 AND J /~”b )
Let 7 = (S Act,—,=,50,AP,L), be an IMC and I/ ~P'= (S/ ~PV, Act,— b, == _»
,[s0l.m, AP, L_w) its quotient system under ~PP Then

T ~P0 T j~P0,

Proor Let 7 be an IMC and I/~ is ppbb quotient system. As shown in the proof of
Theorem the rate condition (B.3) of Definition (statement (B.4) in Definition|3.1.2))
will not be preserved and thus, we can directly conclude that 7 #"* I /~? in general. [

Last but not least, we will show that minimization under ~** does not preserve the (aver-
age) minimum and maximum timed reachability probability, expected time, and long-run
average.

THEOREM 4.4.6 ( TIMED REACHABILITY 1s NOT PRESERVED UNDER ~"? )

Let I = (S, Act,—,=,50,APL), be an IMC and I/ ~'= (S/ ~P*, Act,— i, =

,[s0l.w, AP, L_w) its quotient system under ~Pb Let I C 3 be an interval and G C S the

set of goal states, which is closed under ~*’ (i.e. G is the union of zero or more equivalence

classes under ~), and G/~*? its corresponding set of equivalence classes under S/ ~P? Then
pe (s, D) # pii (sl D

An analogous statement holds in case of the minimum timed reachability probability p’gi"

in the original and pgffph in the quotient IMC.

Proor Consider Figure4.1|and observe, that the ppbb quotient system of the original IMC
T (left) is isomorphic to that of the pbb quotient 7/~. This can be seen as follows. Note
that the quotients under ~PP (cf. Definitio and ~? (cf. Deﬁnition are constructed
analogously. Furthermore, we have that s; ~"’ s, 53 ~PV s, and s5 ~*P s¢, since they solely
have outgoing Markovian transitions and since s; ~V sy, 53~ sy, and s5 ~? sg (cf. Theorem
[4.1.2). As the definition of ppbb does not require equivalent states to be reachable via the
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4. Property Preservation under ~°

same interactive transitions from the same equivalence class, we can directly conclude that
51 ~PP Cq ~PV 55, 553 ~PY Cp ~PV 54, and s5 ~P! C3 ~P! s¢. For the initial states sop and Cp, observe
that all outgoing transitions are labeled by 7 and lead to a state contained within equivalence
class { s1,s2,C1 }. Thus, it holds that T(sg, 7,{ s1,52,Co }) = 1 = T(Cy, 7, { 51,52, Co }), which
fulfills condition (B.2). As neither of them is reachable via or has an emanating Markovian
transition, and since L(s1) = { z } = L(Cp), it follows that (sy, Cy) €~’ and we obtain the
probabilistic partially backward bisimulation equivalence relation

~=(( ), (51, C1), (52, C1), (53, C2), (54, C2), ( ) ( )}

Hence, we can conclude that 7 ~"* 7 /~f. Theorem provides all computational details
to calculate the minimum and maximum timed reachability probabilities for both models
and since the resulting values do not coincide, we have shown that

pR(s, 1) # pros, (1sol v, ) and

pEn(s, 1) # ngpb(ISoLpb, I)

in general. ]

THEOREM 4.4.7 ( ExPECTED TIME IS NOT PRESERVED UNDER ~P? )

Let 7 = (S Act,—,=,50,AP,L), be an IMC and I/ ~P'= (S/ ~P', Act,— _», = _»
,[s0l.», AP, L_p) its quotient system under ~PV Let G C S be the set of goal states, which is
closed under ~*” (i.e. G is the union of zero or more equivalence classes under ~Pb) and
G/~ its corresponding set of equivalence classes under S/~’. Then

eT™(s, 0G) # eT™"([s0] , ©G/~7),

in general. An analogous statement holds in case of the maximum expected time eT"** in
the original and eT""" in the quotient IMC.

Proor Consider the ppbb-equivalent IMCs I and 7/~ in Figure Theorem dis-
cusses the computation of the minimum and maximum expected time for both original and
reduced system in detail and since the resulting values do not coincide, we can directly
conclude that

eT™"(s, 0G) # eT""([sg]_w, ©G/~P) and
eT™(s, 0G) # eT"™([so] s, ©G/~")

in general. ]

THEOREM 4.4.8 ( LONG-RUN AVERAGE 1S NOT PRESERVED UNDER ~"? )
Let 7 = (S, Act,—,=>,50,AP,L), be an IMC and I/ ~P'= (S/ ~F?, Act,— _», = _n
, [0l ., AP, L_») its quotient system under ~Pb Let G C S be the set of goal states, which is
closed under ~ (i.e. G is the union of zero or more equivalence classes under ~’), and
G/~P? its corresponding set of equivalence classes under S/~*. Then

LRAmin(S, G) # LRAmi”([So]~pb, G/"’pb)'
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4.4. Probabilistic Semi- and Partially Backward Bisimulation

An analogous statement holds in case of the maximum long-run average LRA™ in the
original and LRA™ in the quotient IMC.

Proor Observe that by applying a similar argumentation as in Theorem it can be
deduced that IMCs 7 and I/~’ in Figure 4.2 are probabilistic partially backward bisimilar
and we can give the following ppbb equivalence relation

~Pb= { ( )r (51/ Cl)/ (52/ Cl)r (53/ CZ)/ (54/ CZ)/ ( )I ( )/ (57/ C4)/ (58/ C4) }

Theorem [4.3.3]explicitly computes the minimum and maximum long-run averages for both
models and since the resulting values do not coincide, we can immediately conclude that

LRA™"(s, G) # LRA™™([so]_s, G/~P?) and
LRA™(s, G) # LRA™™([s0]_ys, G/~")

in general. ]

To conclude this chapter, we unfortunately have to state that neither probabilistic semi-
backward nor partially backward bisimulation overcomes the issue that backward min-
imization does not preserve several timed probabilistic properties. Note that we cannot
introduce a forward variant for both the requirements on rates and interactive transitions,
as this would result in the definition of probabilistic forward bisimulation (cf. Definition
3.3.1).
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5. Conclusion

In this thesis we introduced and formally defined a probabilistic backward bisimulation relation
for Interactive Markov Chains, which, to the best of our knowledge, is a research area that
has not been investigated at present. Our definition is based on the approaches by Sproston
and Donatelli [21]] for CTMCs in a backward manner and Hermanns and Katoen [13] for
IMCs in a forward fashion. It turned out that our variant of pbb results in a quotient system
that is in general not bisimilar to the original one but if the size of the equivalence classes,
that are connected via Markovian transitions, are equal then we obtain a pbb-equivalent
reduced system. This is due to the fact that in the quotient system, the Markovian transitions
reflect an average value of moving in the original system from some state in one equivalence
class to some state in another class. For each equivalence class C, pbb requires that each
state within the same equivalence class is reachable via the same rate from class C. If the
size of those classes linked by Markovian transitions coincide, the rates of these links in the
quotient system agree with the rate by which every single state in an equivalence class can
be reached by some state(s) in class C and hence, each state within the goal class will be pbb
to the state representing the goal class in the quotient.

We have further proven that pbb is a congruence w.r.t. parallel composition, which is
important if we want to minimize huge IMCs component-wise, i.e. computing the quotient
for each component in the composed IMC, then applying parallel composition and obtaining
a composed quotient system that is bisimilar to the original huge model. Clearly, this
only holds if every original component is equivalent to its quotient and thus, as already
discussed above, this will only be the case in the restrictive setting where the cardinalities
of Markovian-connected classes are consistent.

To conclude chapter 3, we compared pbb to the probabilistic forward bisimulation invented
by Hermanns and Katoen [13] with the finding that these two relations are incomparable.
Chapter 4 was dedicated to the quantitative timed analysis of IMCs and their quotients
with respect to probabilistic backward bisimulation. Unfortunately, minimization under ~
provides reduced models that do not preserve timed properties such as timed reachabil-
ity, expected time, and long-run average. For that, we gave counterexamples where we
computed the values for both original and quotient system, using the least fixed point com-
putations provided by Zhang and NeuhdufSer [23] and Guck et al. [11]] for timed reachability
and expected time, and an algorithm for the long-run average analysis introduced by Guck
et al. [11]. However, for CTMCs the situation is different as already stated by Sproston and
Donatelli [21]. The quotient CTMC preserves the average value of the maximum/minimum
timed reachability probability. For IMCs, the problem roots in the permission of nondeter-
minism. If, for example, there exist two bisimilar states that are interactive, quotienting will
merge them into a single state in the reduced system with probably two (or more) inter-
active transitions that lead to different equivalence classes. Recall that pbb does not take
care of where interactive transitions move but only whether a state has an emanating inter-
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active transition or not. Thus, an equivalence class might contain states that cannot reach
a certain class in the original system. Then, when maxima or minima are computed, the
corresponding algorithm (i.e. scheduler) chooses exactly one transition outgoing from that
class, which will lead to the successor class from which the desired probability or amount
of time will be maximal or, resp., minimal, although in the original system, this choice was
made independently for all states contained in that equivalence class. This way information
gets lost during pbb-minimization and the values of interest do not correspond in any way
to that of the original system. Put in a nutshell, our definition of probabilistic backward
bisimulation can reduce huge systems but the resulting model crucially fudges probabilistic
timed properties.

Chapter 5 tried to overcome these problems by introducing two semi-backward variants
of probabilistic backward bisimulation, first by transforming some conditions into forward
variants. Our suggestion was that forward rules are applied to interactive states, whereas
for Markovians backward conditions are kept. However, this does not affect the issue that
original and reduced system are in general not bisimilar due to the calculation of the rates in
the quotient. Applying a forward variant to the conditions imposed on rates, i.e. on Marko-
vian states, results in a quotient that is bisimilar to the original system. Nevertheless, none
of these approaches revealed satisfying results, as minimization still corrupts minimum and
maximum timed reachability probabilities, expected times, and long-run averages.

For future work, we firstly need to find a compromise between these options, as the results
of [21] and [20] together seem to be promising that the preservation of average probabilities
and times might be possible (though algorithms generally have to be performed on the
original system). And secondly, we need to adjust the conditions on Markovian states to
generate a quotient that is bisimilar to the original IMC to enable a componentwise efficient
analysis.
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A. Appendix

AA1.

LemMa A.1.1 (PBB ~? 15 an EQUIVALENCE )

For a fixed set of atomic propositions AP, the relation ~

is an equivalence relation.

Proor Let AP be a set of atomic propositions. In the following, we show (1) reflexivity, (2)
symmetry, and (3) transitivity of ~b,

(1) Note that for each state s € S of an IMC 7, it holds that s ~* s and thus, the identity
relation R;; = { (s,s) | s € S } is a probabilistic backward bisimulation for the pair (7, 7).
It directly follows that, for any IMC 7, the relation ~Y on (7, 1) is reflexive.

(2) Let Rbeapbbon (f1,7;), where 7;,i=1,2,is an IMC. Let R~! be defined as
R ={(s2,51) | (51,52) € R},

where the states of each pair in R are swapped. Then, R~! satisfies conditions (A) and
(B.1) of Definition[3.1.2] Swapping the ordering of states s; and s; in the given relation
clearly does not affect the equality and equivalence properties required in conditions
(B.2) - (B.5), and thus, we can directly conclude that R~1is a pbb for (71, 7,) and that
the relation ~¥ is symmetric.

(3) Let I; = (Si, Act, —i,=,50i, AP, L), i = 1,2,3, be three IMCs. Assume R; > and Ry 3
to be pbb’s for the pairs (I1,73) and (Z, 13), respectively, and define the relation
R1,3 = R1,2 o Rzg as follows:

Riz ={(s1,53) | Is2 € Sz.(s1,52) € Ri2 A (52,53) € Ro3 }.

It suffices to show that each pair of states in R; 3 satisfies the conditions of Definition

(A) Since Ry2 and Ry 3 are pbb’s, we have that [so1]g,, = [So2]r,, = { 801,502 } and
[s0.2]r,5 = [50,3]r,5 = {502,503 }- Hence, [s01]r, ; = [S03]®,; = { 50,1,503 }-
(B.1) Let (s1,s3) € Ri3. By definition of R, 3, there exists a state s € 75, such that
3. By ,
(51,52) € Ri2 and (s2,53) € Ra 3. It follows that L1(s1) = La(s2) = La(s3).

(B.2) Let (s1,53) € Ry3 and assume there is a set C;3 € (51 W S3)/R13 and a € Act,
such that T(Cy3,a,51) # T(C13,a,53). W.Lo.g. assume that T(Cy3,a,51) = 0 and
T(Cy13,a,s3) = 1. By definition of T, it follows that there exists at least one state
s € Cy3 with s 25 s3and forall ¢ € C1,3, it holds that s’ /4> 1. But then, since
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(B.3)

(B.4)

(B.5)

Ri1,2 and Ry 3 are pbb’s and by definition of probabilistic backward bisimulation,
there cannot exist a state s, € Sy, such that (s1,52) € Ri2 and (s2,53) € Ro3
and consequently, the pair (sq,s3) of states cannot be included in the set R; 3. It
follows that T(Cy13,a,51) = T(C13,a,s3) for all C13 € (S1 W S3)/R13, (51,53) € Ri3
and a € Act.

Let (s1,s3) € R13 and s, € Sy be some state, such that (s1,s2) € Ry and (sz,53) €
Ro,3. W.log. assume that Post,(sy) = 0. Since Ry and Ry3 are pbb’s, it follows
immediately that Post,(s1) = 0 = Post,(s3). Hence, Post,(s1) = 0 if and only if
Post,(s3) = 0 for all (s1,53) € Ry 3.

Let C1 3 be an equivalence class in (S; W S3)/R1 3 with Post;(C13) = 0, ie. Ci13 =

Uci,e(s1985)/R1,, ((C12 N S1) U (Co3 N S3)) is the set containing all states s € Sy and
C23€(52983)/Ra 3,
C1/20C2,3:ﬁ0

s3 € S3 that belong to an equivalence class C;, under R, and Co3 under Ry 3,

respectively, for which it holds that there exists at least one state s, € S, that is
inherited in both classes C1 » and Cp 3. Furthermore, let (s1,s3) € R 3. We have to
prove that R(Cy 3,51) = R(Cy 3, 53), which can be seen as follows.

R(Cy3,51)
(* by definition of C; 3 and since s; is not reachable from any class C> 3 *)

= Z C126(51952)/Ry o, where R(C1,2,51)
3Cy3€(S2WC3) /R 3,52€85.
SzECl/zﬁCZA

(* since R; 5 is a pbb *)
- Z C1/2€(51W52)/R]l2, where R(Cl,ZI 52)

ACo3€(52WC3) /R 3,52€85,.
S2€C1/2ﬂC2,3

(* by definition of Cq 3 *)
= Z C25€(52953)/Ra 3, where R(C2,3,82)

AC12€(51WC2)/R1,2,52€850.
Sy €C1,2 ﬂC2,3

(* since Ry 3 is a pbb *)
= Z Cr3€(5,9S3)/Ra 3, where R(C23,83)

AC12€(51WC2)/R1,2,52€855.
S ECI,Z ﬂC2,3

(* by definition of C; 3 and since s3 is not reachable from any class C» *)
= R(Cy3,53)

Let (s1,s3) be a pair in R; 3 and assume (w.l.0.g.) that Post.(s1) = 0. By definition,
there exists a state s, € Sy, such that (s1,52) € R12 and (s, 53) € Ry 3. Since Ry » and
Ro,3 are pbb’s, we have that E(s1) = E(s2) and E(s2) = E(s3) and hence, E(s1) = E(s3).

It follows that the relation ~? is transitive. n
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A.2,

Original IMC 7 Quotient IMC 1/ ~b
1 #INITIALS #INITIALS
2 s0 c0
3 #GOALS #GOALS
4 s3 c2
5 s4 #TRANSITIONS
6 #TRANSITIONS | c0 tau
7 sO taul xc11.0
8 51 1.0 cl!
9 sO tau2 +c25.0
10 || *s21.0 *¢35.0
11 || s1! 2!
12 || *s35.0 *c2 3.0
13 || *+s45.0 3!
14 || s2! *c21.0
15 || *s55.0
16 || *s65.0
17 || s3!
18 || *s43.0
19 || s4!
20 || *s33.0
21 || s5!
22 || *s31.0
23 || s6!
24 || *s41.0

Table A.1.: .ma-files for Figure |4.1| for Timed Reachability Probability and Expected Time

Analysis
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Original IMC 7 Quotient IMC 1/ ~b

1 #INITIALS #INITIALS
2 s0 c0

3 #GOALS #GOALS
4 s3 c2

5 s4 #TRANSITIONS
6 #TRANSITIONS | c0 tau

7 s0 taul *c1 1.0
8 51 1.0 cl!

9 s0 tau2 *c25.0
10 || *s21.0 +¢c35.0
11 || s1! c2!

12 || *s35.0 *c4 3.0
13 || *s4 5.0 c3!

14 || s2! *c21.0
15 || *s55.0 c4 tau

16 || #+s65.0 +c0 1.0
17 || s3!

18 || #s7 3.0

19 || s4!

20 || *s8 3.0

21 || s5!

22 || *s31.0

23 || s6'!

24 || *s4 1.0

25 || s7 tau

26 || *s01.0

27 || s8 tau

28 || *s01.0

Table A.2.: .ma-files for Figure 4.2 for Long-Run Average Analysis
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Original IMC 7 Quotient IMC 1/ ~sb
1 #INITIALS #INITIALS
2 s0 c0
3 #GOALS #GOALS
4 s3 c2
5 #TRANSITIONS | #TRANSITIONS
6 sO ! c0!
7 51 1.0 *c16.0
8 52 5.0 cl taul
9 s1 tau *c21.0
10 || *s31.0 cl tau2
11 || s2 tau *c31.0
12 || *s4 1.0 2!
13 || s3! *¢220.0
14 || #s320.0 c3!
15 || s4! *c22.0
16 || *s32.0

Table A.3.: .ma-files for Figure |4.4| for Timed Reachability Probability and Expected Time

Analysis

Original IMC 7 Quotient IMC 7/~
1 #INITIALS #INITIALS
2 s0 c0
3 #GOALS #GOALS
4 s3 c2
5 #TRANSITIONS | #TRANSITIONS
6 s0 ! c0!
7 xs11.0 +c16.0
8 +525.0 cl taul
9 s1 tau *c21.0
10 || *s3 1.0 cl tau2
11 || s2 tau *c31.0
12 || *s4 1.0 2!
13 || s3! x020.0
14 || *s020.0 c3!
15 || s4! +c22.0
16 || #s32.0

Table A.4.: .ma-files for Figure 4.5(for Long-Run Average Analysis
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