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Chapter 1

Introduction

The Scenario-Aware Dataflow (SADF) model is an extended Synchronous Dataflow
(SDF) model, which allows to capture the dynamism in modern streaming applications
by incorporating the concept of scenarios [41]. The main task of this diploma thesis
is to give a framework to define the SADF specification in terms of a semantic model
called interactive Markov chain (IMC). The IMC model provides a formal way to build
the system in a compositional manner and to abstract the time passing by Markovian
transitions. Two major adaptations are made in order to define the SADF specifica-
tion in terms of IMC in our thesis: The generic discrete execution time distribution
per (sub)scenario of each process in SADF is replaced by a single execution time per
(sub)scenario, which is equal to the weighted mean of the execution times (discrete
random variables) in the sample space of the distribution. Since the obtained execution
time per (sub)scenario is a fixed (constant) value, we adapt this constant execution time
to an exponentially distributed delay. The exponentially distributed delay is character-
ized by a rate A, which is equal to the reciprocal of the obtained weighted mean value
of execution time. Concisely, we describe the steps of rough solution as follows.

1. Modeling. Give each component in an SADF graph a corresponding IMC.

2. State space generation. Construct the whole system by using parallel composition
and hiding on such resulting IMCs. Two approaches are discussed during the
state space generation: in a straightforward manner or using compositional ag-
gregation approach.

3. Analysis of the resulting system. In this step, we elaborate the kinds of transitions in
the resulting system after state space generation and discuss the non-determinism
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in the system. If inherent non-determinism is absent in our system, after stochas-
tic branching bisimulation (reduction) we should get a IMC with only probabilis-
tic transitions and Markovian transitions for further analysis of temporal proper-
ties. If inherent non-determinism exists, the system is much more complex.

4. Verification. Based on the resulting system with only probabilistic transitions and
Markovian transitions, after we have eliminated the probabilistic transitions in
the system, a CTMC is obtained. Functional properties can be verified by using
AcrtL logic on the resulting IMC and performance (temporal) properties can be
evaluated by using steady and transient analysis on the CTMC.

1.1 Thesis Contribution

Because of the two major adaptations mentioned above, there is no comparable results
from the IMC model with the results from original semantics model Timed Probabilistic
System (TPS). But we still have some new aspects in IMCs.

» We define a compositional semantics of SADF specification in terms of IMC. This
compositional approach allows us to construct large IMC of an SADF graph based
on the IMCs representing each component in the SADF graph.

« We allow the unbounded FIFO channels in SADF also be modeled as unbounded
IMCs and implemented with CADP toolset. We express the IMC semantics of
kernels as a special case of detectors in SADE.

« We provide another aspect of SADF specification by using a stochastic time
model, while the original one defined by TPS is a probabilistic one.

« Some functional properties in SADF specification are checked by using AcTL
Logic.

o For performance evaluation, we extend the IMC to a special IMC automata with
accepting states. By parallel composing the IMC automata, the property like the
probability of first execution time until one process’s finishes its first execution
can be determined.

« We discuss the problems we encountered when we were trying to apply compo-
sitional aggregation approach during the IMC state space generation of SADE
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1.2 Thesis Outline

In Chapter 2., we introduce our target model interactive Markov chains and its algebra
IML. We will see how to construct large system based on two operators: parallel compo-
sition and hiding. Three different equivalence notions on IMCs are then defined. Since
these equivalence notions are congruences w.r.t. parallel composition and hiding, an
IMC can be reduced to its quotient IMC w.r.t these equivalences. Chapter 3. describes
the syntax and the operational semantics based on Timed Probabilistic System (TPS)
of the Scenario-Aware Dataflow model. Based on the adapted SADF model and IMC
model, we represent a framework to define SADF graphs in terms of IMCs. We give
each components in a SADF graph a corresponding IMC, and then to construct the
whole SADF graph by using parallel composition and hiding. In Chapter 4., the im-
plementation of the framework is presented by using the toolset CADP developed by
the VASY team at INRIA Rhone-Alpes. We studied two examples of SADF models by
discussing the issues encountered during the state space generation, checking the func-
tional properties and evaluating some performance properties. In the last chapter, we
summarize our work and point out some challenges in future, which may happen when
inherent non-determinism is present in SADF spiflication.






Chapter 2

Interactive Markov Chains

The process algebra (PA) transformed from the theory of algebra in mathematics to
computer science founds a sound and effective framework to formally model and ana-
lyze of concurrent systems. In this chapter, we will introduce a stochastic process algebra
called IML and its mapping semantic model interactive Markov chain (IMC). Beyond
the classical process algebras like CCS, CSP, or LoTos, the big advantage using IMC as
semantic models is the combination of classical process algebras and continuous time
Markov chains. This combination allows us not only to check the functional proper-
ties of systems, but also evaluate some performance metrics. We first give an overview
of the classical process algebra CCS to see how it can be used to model the interactive
concurrent systems, and then we will introduce the interactive Markov chains, which
extends on the essential ideas of classical process algebras. The Figure2.1shows the ba-
sic concept of stochastic process algebra used in modeling and analyzing [23] phases.

2.1 Classical Process Algebras

For a better understanding of the idea behind process algebra, we give a short introduc-
tion of a classical process algebra CCS. The CCS was developed by Robin Milner and
he published his research on CCS in his book in 1980 [33]. Here, we assume there is a
countable set N of action names and let N := {@ | a € N} denote the set of co-names.
A special action is called the silent or unobservable action denoted as 7. We defined the
set of actions as Act := N U N U {r} and let P, 4 be the set of process identifiers.
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Functional

Temporal

information information

System description | i Qo=A1; Q1 [1A; Qo where Qp:i=...

..arE=aE, W.E+W.E=A+uw.E...| Equivalence laws

Formal semantics

Axiomatization

Semantic model

Equivalences
Analysis / j \

( Functional 1( Combined 1( Temporal behavior )

behavior properties throughput, waiting

liveness duration of certain times, - - -

deadlock event sequences

\ = )| probability of
timeout

000 2,000 3,000 4,000 5,000 6,000 7.000 8,000
time.
A J

Figure 2.1: The basic concept of stochastic process algebra in modeling and
analysis. [23]

2.1.1  Syntax and Semantics of CCS

Definition 2.1 Syntax of CCS Leta € Act,a,a; € N and A € P;z. We define the set
Prc of (concurrent) process expressions by following syntax:

P:=nil | a.P | P+ Py | Pi||P2 | newa P | A(ay,...,a,)
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The intuitive meaning of CCS constructs are listed as follows:

Inaction

Action prefixing

Choice

Parallel composition

Restriction

Process call

The symbol nil describes a process that can do nothing. The pro-
cess can neither interact with other process nor perform internal
actions.

The expression . P means the process can perform a o action
and then behaves as process P. The operator “.” between « and
P is a binary operator and called the prefix operator.

The expression P; + P, describes a non-deterministic choice
between P; and P,. The symbol “ + 7 is called the choice oper-
ator.

The execution of parallel composition of process P; and P,
(P1 || P2) can involve interleaving or synchronization (commu-
nication). The semantics of this operation depends on the next
execution possibility of these two processes. In the action set of
process, actions are refined into three classes. The actionsa € A
are interpreted as input actions and its complementary action
a € N is called output actions. If one process can perform an
a-action and the other process can perform the complementary
action a of a, then the parallel composition of the two processes
perform an synchronization action 7 based on the merge of the
a anda.

The new a declares that the action a is not visible outside the
process P.

A (recursive) process definition is an defining equation system
of the form
Aid) =P |1 =i=<k

where k > 1, c?, = dj1,---,n;> Al‘ e Piy (Al = Aj, if
onlyifi = j),a;; € N,and P; € Prc. So the process call of
A(ay, ..., a,) means the process behaves as the right-hand side
of the corresponding equation system with replacing the formal
name parameter with ay, ..., ay,.

The semantics of CCS is defined by using Structural Operational Semantics (SOS)
developed by Gordon D. Plotkin [37,38].
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® 2
P P/ /
Act — Com — rQ — ¢
o.P— P P|lO— P | Q
P p 0 -5 0
Sum; = Sum, =
P+0-5p P+0-5 0
P o Pl a /
Par; 7 Par, Q T 0
PO — P'||Q PO — P|Q’
PS5 P adiaa A(@@) = P Pliw bl — P/]
New m Call —
newa P — newa P’ A(b) — P’

This formal semantics of CCS provides us a way to interprets the process of CCS in
terms of LTS, i.e., we can map every expression in CCS to its “equivalent” LTS.

Definition 2.2 (Labelled transition system). A labelled transition system is a triple 1 =
(S, Act,—>) where

- S is a nonempty set of states,
- Act is a set of actions, and

- —>C SxAct xS is a set of a transition relation (sometimes also called interactive
transitions).

Conventionally, we abbreviate (s, o, s') €—> as s %, §. Note that an LTS does not
specify any initial state(s) or a final (accepting) state in comparison with an automaton.
The reason for dropping the final states is: in interactive systems, it is not important
whether a sequence of actions can make the system to reach the final states but whether
the system can perform the sequence of actions successfully or not [33]]. Usually we also
do not specify the initial state(s), and we can assume any state as initial state and get the
whole image of the model.

Practically, we can also specify the initial state as 5o and then the LTS is called a rooted
LTS [26] defined as a quadruple £ = (S, Act, —>, 59).
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Example 2.1 (Parallel composition of two one-place buffers). An one-place buffer and
the parallel composition of two one-place buffers can be defined in CCS as:

B(in,out) = in.out.B(in,out)

By(in,out) = newcom (B(in,com) || B(com,out))

The corresponding (rooted) LTS to represent the parallel composition of two one-place
buffers is shown in Figure

new

com n com

com out

(R
S
o <———o
(|
S
(|

Figure 2.2: The (rooted) LTS representing the parallel composition of two one-place buffers

2.1.2 Stochastic Process Algebra

Classical process algebras are insufficient sometimes to model the systems in real world,
and the models generated by classical process algebras are more suitable for functional
verification. For performance evaluation, to add time information into the modeling
is needed. One way is to use special time transitions to represent the advancement of
time, e.g., timed probabilistic system (TPS). Another way is use the continuous distribu-
tions (general distributions or non-negative exponential distribution) to model the time
passing in the system. Further, besides the interactive transitions and the transitions to
represent the time passing using in the modeling, sometimes, probabilistic transitions
are involved into the semantic models (like TPS, probabilistic and Markovian transition
system (PMTS) [39] and probabilistic automata in continuous time [16]) to model the
stage of doing probabilistic decision. On the other hand, the particular important class
of stochastic model Markov chains lacks of some functional capabilities, especially to
glue the subsystems together to construct a large system. As a result, many approaches
are presented to form an especially kind of process algebra: stochastic process algebra
(SPA). Further, the SPA can be divides into two categories: probabilistic process algebra
and stochastic process algebra.
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2.2 Interactive Markov Chains (IMCs)

Holger Hermanns introduced a new stochastic semantic model called interactive
Markov chains (IMCs) with its corresponding algebra IML in his book [1g]. This se-
mantic framework integrates Markov Chains and LTS in an orthogonal manner, and
provides not only the possibility to check the functional correctness, but also some tem-
poral aspects of the system. We first look at some essential ideas behind the integration
of Markov Chains and LTS.

2.2.1 Essentials behind IMC

The advantages of Exponential distribution. There are many kinds of distribution func-
tions used for modeling the stochastic systems. But the more precisely the distribution
is used the more complex the model will be during generation and analysis. One dis-
tribution (function) receives more attention than the others is called exponential distri-
bution. The reason is that exponential distribution is the only continuous distribution
function which fulfills the memoryless property and allows us relatively simple to con-
struct the model and analyze the model systemically [25]. This memoryless nature of
time in the Markovian approach makes it possible to avoid the explicit representation
of time passage in system specifications [jg].

Definition 2.3 (Distribution Function). The distribution function Fy of a random vari-
able X is defined to be the function

Fx(x) = Pr(X <x)
If the random variable X is continuous, then we have
R = [ s
0

where f(x), the derivative of Fy(x), is called the probability density function for the
random variable X .

Definition 2.4 (Exponential distribution) The distribution and density functions of ex-
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ponential distribution are given by following relations:

Fx(x) = Pr(X<x)=1—e¢* : (x>0)

() = A F) = Ao
E[X] = /Ooorfx(t)dt:%

The memoryless property holds for the exponential distribution is expressed by the fol-
lowing equation:
x(x+ylxzy) = fxx)

Separation of delays and actions. When both interaction and delay (governed by a ex-
ponential distribution) information are include in one action in the Markovian process
algebras (with the transition form (a, A)), the issue reveals when we need to know the
time consumption in case of interaction [27]. The delay of synchronization between ac-
tion (a, A) and (a, p) is no longer exponentially distributed. A natural solution here in
IMC is to separate the interaction and delay information in actions in order to let the
synchronizations happen only via immediate actions. The semantics of action prefixing
operator in the classic process algebras will only extended to the case of delay actions

(cf. Section]2.2.2)).

Exponential distributions and process algebra. To integrate the exponential distributions
into process algebra is feasible, since the exponential distributions and interleaving se-
mantics in process algebra fit well together [27]. In classic process algebras, the parallel
composition operator “ || 7 can be reduced by using choice operator “ + ” and prefix op-
erator “.” according to the expansion law. Assume a,b € Act and P, Q € Prc, then
according to expansion law we have:

a.P||b.Q =a.(P || b.0)+b.(a.P| O).

Now, the problem is how the situation changes when we replace these normal actions
with the delay actions, and is the expansion law still valid? We demonstrate with a
simple example: A. P || w.Q. Here, A. P means the process with behavior like P after an
exponential delay with mean 1/A time units, and x.Q analogously. Let U be the random
variable before process Q can start, then obviously U is exponentially distributed with
rate 1, and assume the delay of the process A. P finishes earlier than p.Q after y time
units. Then, the probability that the process Q has to delay for at most another x time
units is
PriU<y+x|U>yl].
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Since the exponential distribution is the only continuous distribution function which
tulfills the memoryless property, we have

PrilU<y+x|U>y]=PrlU <x].

This equation tells us the remaining duration (residual sojourn time) until the initial
delay of process p.Q is independent of how the other process (i.e., the process A.P)
behaves. The advance of time governed by memoryless distribution is independent [27].
Analogously, for the delay of A. P first finishes its execution has also no impact on the
remaining finishing time of process p.Q. The conclusion is the expansion law holds
also for the parallel composition of Markovian transitions (this property is illustrated
in Figure[4.13(a))). But for general distribution, the law is generally invalid [27].

Internal actions and hiding. From the view point of an observer outside the system,
all the communications (synchronization) in the system should be invisible. The only
possibility to interact with the system is only the interfaces provided by the system to
communicate with outside, and the inside of the system should be seen as a “black box™.
As a result, if we want to investigate the execution of system only from an observer’s
point of view, we need to specify the actions happened inside the system into internal
actions. On the other hand, the synchronization should cost no time, it finishes imme-
diately. This assumption is achieved by hiding these actions in process algebra using
a specific operator (this operator turns the transitions labelled with specified actions
into t-transitions). In IMC, the interactive transitions that can not be delayed by the
synchronization with other actions should be turned into t-transition.

Maximal progress assumption. The transitions for synchronization (synchronization be-
tween subsystems inside the system) cost no time, while the probability of Markovian
transitions to finish immediately is (1 — =40 = (). Therefore, the assumption known
as maximal progress is made on the IMCs, which says if both internal transition (z-
transition) and Markovian transition can emanated from one state, the Markovian tran-
sition is simply blocked, since it can not finish immediately.

2.2.2 Algebra of Interactive Markov Chains - IML

In this section we introduce the algebra IML of IMC [19]]. The syntactic descriptions
of IMC is a set of expressions (language) called IML. To define the language IML, we
assume ) denotes a countable set of variables expressing repetitive behavior, the set Act
denotes a set of actions including a distinguished internal actions t. Traditionally, we
use A, {4, ... to range over R™ (the set of nonnegative reals), and a, b, . .. for elements
of Act.
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Definition 2.5 (The language IML of IMC) Let A € R",a € Act and X € V), the
language IML is defined as the set of expressions by following syntax:

Ex= 0 | af | (WV.E | E+E | X | x=€ | L

The intuitive meaning of constructs in the expressions in IML are listed as follows:

Inaction (0) The terminal symbol O describes a terminated behavior.
Neither engagement in any interaction nor to perform in-
ternal actions are possible.

Action prefixing (a.£)  The expression a.E can perform an interaction on action

a and then behaves as expression E. The operator “.” be-
tween a and E is a binary operator and called the prefix op-
erator.

Delay prefixing (A.E) The expression A.E describes a behavior that will behaves
as expression E after a delay governed by an exponential
distributions with a mean duration of 1/A time units.

Choice (E + F) The expression E + F describes a non-deterministic or
probabilistic choice (if £ and F are delay prefixed) between
expressions E and F. The symbol “ + 7 is called the choice
operator.

Recursion (x:=) The expression x:= E describes a recursively defined be-
havior: if the variable X appears somewhere inside the ex-
pression E, and during the evolution of the expression,
whenever we encounter the variable X, we reinitialise its
behavior to x:= E.

Ill-defined behavior (L) The symbol L represents an ill-defined behavior.

Example 2.2 An example of an IML expression and its equivalent IMC are

Ey = a.(0).b.(10).0 000500

To map the complete language IML onto IMCs in a compositional manner, the semantic
of each expression of IML is again defined by means of SOS.
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— —
alk— FE (\).E = E
a A
E— F’ E— F’
E+F5E E+ F=E
F-5 F F=F'
E+ F-—F E + F=F
a A
E{x:=E/X}— FE’ E{x:=E/X}— FE’
X:::E—a>E/ X::=E:A>E’

Table 2.1: Operational semantic rules of IML

Definition 2.6 The action transition relation —> C IML x Act X IML is the least relation
and the Markovian transition relation =>C IML x R* x IML is the least multi-relation
given by the SOS rules above, where E{F /X } denotes simultaneous substitution of each
occurrence of variable X inside expression E by expression F.

Definition 2.7 (Closed and open expressions of IML). A variable X occurs free w.r.t.
an expression E if it occurs inside E outside the scope of any binding x::=.... Let V(E) = 0
denote the set of variables that occur free in an expression E. If V(E) = 0, then we say
the expression E is closed, otherwise it is open.

Definition 2.8 The set of well-defined expressions IML | is the smallest subset of IML such
that

YV CIMLy and 0 € IML,,

if E € IML, thena.E € IML, and (A).E € IML,,

if E € IML, and E € IML, then E + F € IML,,

if E{x:=FE / X} € IML, then x:= E € IML,.

The complementary set containing all ill-defined expressions will be denoted IML.
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2.2.3 Interactive Markov Chains

The same as the mapping relation from CCS to LTS, the expressions IML can also map
to the semantic model IMC which is an extension of (rooted) LTS.

Definition 2.9 (Interactive Markov chain). An interactive Markov chain is a tuple
I =(S,Act,—,=>,59) where

S is a nonempty set of states with initial state so € S,

Act is a set of actions,
- —>C S x Act x S is a set of a interactive transitions, and

- =C S xR* x S is a set of Markovian transitions.

A
We write § —s s’y if (s,a,8’) €—> and s = s/, if (s, A,s5") €=. The states
in an IMC are divided into three categories. Let IT(s) = {s SN } denotes the set

A
of interactive transitions that leave s, and MT(s) = {s — s’} denotes the set of
Markovian transitions that leave s. Then, we say a state s is a

Markovian state ,iff IT(s) = @ and MT(s) # 0;
interactive state ,iff MT(s) = @ and IT(s) # 0;
hybrid state , it MT(s) # @ and IT(s) # 0;

deadlock state , it MT(s) = @ and IT(s) = 0.

The set of Markovian states is denoted as MS C S, and the set of interactive states is
denoted as IS € § in the IMC Z. Obviously, an LTS is an IMC with all states in it are
interactive, i.e., MT(s) = 0 for all state s. A CTMC is an IMC with all states in it are
Markovian, i.e., IT(s) = @ for all state 5. Therefore, IMC is the superset of both CTMC
and LTS.

The semantics of a Markovian transition in an IMC is described as follows: a Markovian

A
transition s = s’ means the probability to move from state s to s” in d time units is
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1 —e *4 where A is called the mt of the Markovian transition. We denote R(s, s") =

Y{A s :A> s’} as the rate to move from state s to state s, if s € MS. If there exists
more than one state s/, such that R(s,s") > 0, then these successor states of s will
compete for the successful transition from s. This competition between the successor
states of s is known as race condition. Let E(s) = ) .5 R(s, s’) be the exit rate of state
s. Then the probability that for the particular state s” to win the competition within d
time units is given by:

R(s.5) (1 — e E@)
E(s)
Example 2.3 An example of race condition in an IMC is shown in Figure[2.3|

R(qo.¢1) = 0.1 The probabilities to move
* 41 R(qo.¢2) = 0.2 from state gq to its successor
% R(q0,93) = 0.3 states within z € Ry time

9o it

L %2 ., q> E(qo) = 0.1+0.240.3 = 0.6 units:

— Ro4q1) _ 1 —0.6-

& Plao.4) = EGy =5  Plao.q) =g (1-e2%)
e g3 P(q0,92) = —fé’(;gf) = % P'(qo.q2) = 3- (1 — e™0-67)
P(go.g3) = Bant) = 1 P'(o.q3) = - (1 -7

Figure 2.3: A race condition in an IMC

As aforementioned, if an interactive transition can not be delayed by any synchro-
nization caused by other actions, it can be turned into t-transitions. Since these 7-
transitions can be made instantaneously, whereas the probability for any Markovian
transition to be made in zero time unit is zero, the maximal progress assumption is
defined in IMC as follows.

Definition 2.10 (Maximal progress). In any IMC, internal interactive transitions (-
transitions) take precedence over Markovian transitions [20].

Definition 2.11 (Parallel composition). Let 7; = (S;, Acty,—>1, =1, 50,1) and
I, = (82, Acty, —>2, =2, 50,2) be two IMCs. The parallel composition of Z; and
1, w.r.t. an action set A is defined by:

Th laZy = (S x S2, Act; U Acty, —>, =, (50,1, 50,2)

where — and == are defined as the smallest relations satisfying

"The same word rate is used in SADF specification later, but with different meanings.
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1. 8§ i>1 sh and s i>2 shanda € A, o # T implies (51, 52) N (57,55)
2. 81 in siand o ¢ A implies (51, 52) N (87, 82) for any s, € S,
3. §o i>2 sy and o ¢ A implies (51, 52) N (81,85) for any s; € Sy
A /o : - /
4. §1 =1 8| implies (51, 52) == (5], 52) forany s, € S,

A A
5. Sy == 5, implies (s1,52) = (51, 5,) forany s, € S,

The rule of parallel composition of IMCs follows the (forced-to-synchronize) manner
used in TCSP [21]. This forced manner only has effect on the interactive action syn-
chronization (since the total separation of interaction and delay actions) between the
two IMCs (Z; and Z,), i.e., the action in the synchronization set A (excluding the 7-
action) must performed by both IMCs simultaneously. This also means, if somewhere
one IMC can only perform actions in the set A , it must wait for another IMC to reach
the state where these actions in set A can be synchronized. If the actions are not in the
set A, then IMC Z; and Z, can perform the actions either Z; or Z, can perform. To treat
the delay actions in the parallel composition, the last two rules indicate that the IMCs
can delay independently due to the memoryless property of exponential distributions
(cf. Section [2.2.1). The residual sojourn time of one process is (again) exponentially
distributed with its original rate after another process finishes before it.

Definition 2.12 (Hiding). The hiding of IMC T = (S, Act,—, =, so) w.r.t. the set
H of actions is the IMCT\H = (S, Act\H,—', =, so) where —' is the smallest
relation defined by:

o
a . .
1. s — s and a ¢ H implies s —' s/, and

T
a . .
2. s —> s and o € H implies s —' s'.

The effect of applying Hiding on an IMC is to turn the transitions labelled by the ac-
tions in the set H into t-transitions. Together with maximal progress assumption, the
semantics of original IMC will be changed. Since the internal interactive transitions (z-
transitions) happen before the Markovian transitions, the Markovian transitions which
compete with internal interactive transitions from the states are simply blocked.
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2.3 'The Equivalence Notions on IMC

In this section, we will introduce three major equivalence notions on IMC, i.e., strong
bisimulation, weak bisimulation, and stochastic branching bisimulation. These equiva-
lences are adapted from the equivalence notions in classical process algebra, and because
of the presence of Markovian transitions in IMC, the lumpability defined on the Markov
chains is also transformed into the case of IMC.

Before we define these notions on IMC, we start with some definitions. For set C € S
and state s, let R(s,C) = ) .. R(s,5), let s 7TL> be a boolean, which is evalu-
ated true iff s has no outgoing 7-transitions. For state s, action @ and C C S, let
T(s,a,C) = 1iff {s" € C | s B } is non-empty, and let W(s, o, C) = 1 iff

*
{s'eC|s AN AN } is non-empty.

2.3.1 Strong Bisimulation

Definition 2.13 (Strong bisimulation). Let an IMC 7 = (S, Act,—>,=>,5¢). An
equivalence relation R € S x § is a strong bisimulation on T if for any (s,t) € R and
equivalence class C € S /R the following holds:

1. foranya € Act, T(s,a,C) = T(t,,C), and

2.8 7TL> implies R(s, C) = R(¢, C).

States s and s are called strongly bisimilar, written s ~ ', if there exists a strong bisimu-
lation R such that (s,s’) € R.

Strong bisimulation makes sure that the strongly bisimilar states, say s and #, must have
the same potential to perform every possible interactive actions and additionally the
cumulative rate R(s, C) = R(¢, C). The cumulative rate equality can be matched with
the definition of lumpability from Markov chain [11].

2.3.2 Weak bisimulation

Usually the strong bisimulation equivalence is to fine to distinguish the systems, es-
pecially in some abstraction when we need to treat some components in the system
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as “black boxes” and from the observer’s point of view, these internal transitions in
the “black boxes” should be hidden, i.e., the observer can not distinguish several z-

transitions (denoted as —>) or a single one N (they are in some sense “equivalent”
to the observer). Conventionally these hidden internal transitions are turned into the
transitions which are specially with 7 labelled. Therefore, these r-transitions play a spe-
cial role in IMCs [20]. But for Markovian transitions, the probabilistic distribution of a
sequence of exponential distributions is not again an exponential distribution but con-
stitutes a phase-type distribution [20], this observation can not be applied to the Marko-

*

T T
vian transitions. The — and — are treat as equal in interactive processes is not ap-
plicable here. The solution here is to force that the Markovian transitions in IMCs have
to be mimicked in the strong sense (defined in the strong bisimulation equivalence).

Definition 2.14 (Weak bisimulation). Let an IMC 7T = (S, Act,—,=>,5¢). An
equivalence relation R € S x S is a weak bisimulation on Z if for any (s,t) € R and
equivalence class C € S/ R the following holds:

1. foranya € Act, W(s,a,C) = W(t,a,C), and

2 5 —> s' and ' 7TL> implies t Zst and t’ 71) and R(s',C) = R(t',C), for
somet’ € S.

States s and s are called weakly bisimilar, written s ~ s, if there exists a weak bisimula-
tion R such that (s,s’) € R.

Two IMCs Z; with state space S;, Z, with state space S, and S; N S, = 0 are said
to be strongly (weakly) bisimilar, denoted Z; ~ (x) Z,, if there exists a strong (weak)
bisimulation R on S; U S, such that (5,1, 50,2) € R.

2.3.3 Stochastic Branching Bisimulation

From the definitions of strong bisimulation and weak bisimulation, one problem reveals
when we want to test equivalences on IMCs. The equivalence of strong bisimulation is to
fine, but the weak bisimulation is too coarse. Consider the following two IMCs (LT'Ss)
showing in Figure The two IMCs are not strongly bisimilar but weakly bisimilar.
But if we observe them more carefully, they are slightly different. The right IMC Z, can
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move by the transition 4 into the class ([l without passing through the class . In
contrast to Z,, in the left IMC 7, every state in class to the class (1D is forced to
pass the class &. As a result, for the right IMC Z, the decision of which b to take will
affect the later possibility of execution (i.e., can perform an a-action or not), but for the
left one, both b-transitions will lead to the state, which can make either a-transition or
T-transition. As the example shows, we need a finer equivalence relation to to take the
distinction into account.

yd \
h

hY L
i i
ot ’N aa N

b b
Y T Y
T
a T NG/ a T

) ©  # O

Il IZ

¥
PN
4

Figure 2.4: The difference between weak and branching bisimulation [19]

Definition 2.15 (Stochastic branching bisimulation). Let an IMC 7 = (S, Act, —
, ==, 80), and equivalence relation R € S X § is a stochastic branching bisimulation
on T if for any (s,t) € R and equivalence class C € S /R, the following holds:

either « = t and (s',t) € R or
Ls — s implies
AD, ' €St — @O —t' A, D)€ RA (s, 1)) €R,
and

2. § 7TL> implies t = t’ %:R(S,C) = R(?,C) for somet' € S .

States s and s’ are called stochastic branching bisimilar, written s ~, §’, if there exists a
stochastic branching bisimulation R such that (s,s’) € R.
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The basic idea of branching bisimulation is: if a step P > P’ is simulate by

™ a ¥
Q ——>—> (@', all states reached by the t-transitions after the a-transition should

be the same class of Q’. And the Markovian transitions have to be mimicked in the
strong sense as usual.

Two IMCs Z; with state space Sy, Z, with state space S,, and S; NS, = @ are said to be
stochastic branching bisimilar, denoted Z; &, Z,, if there exists a stochastic branching
bisimulation R on S; U S, such that (s¢.1, 50.2) € R.

The following lemma expresses the interrelation between these three equivalence rela-
tions:

Lemma 2.1 ~ C~rp, C

With the help of these equivalence relations defined on IMC, we can reduce the state
space of the given IMC by partition the states into certain classes according to these
equivalence relations, in other words, we can always obtain an “equivalent” IMC when
the original IMC modulo the bisimulation equivalences. For equivalence relation R,
on state space S and s € S, let [s]z denote the equivalence class of s under R, and let
S/R = {[s]g | s € S } denote the quotient space of S under R.

Theorem 2.1 ~, X2, 2y, are congruences w.r.t. parallel composition and hiding [19],
ie.,

Iy = I, implies I |aZs = Ip|laZs

Iy = I, implies I3|lalh = I3|uls

7, =~ 1, implies ./H =~ 1I,/H

Definition 2.16 (Quotient IMC). Let Z = (S, Act,—>, =, 5¢) be an IMC and R
a strong bisimulation on S. The quotient IMCZ/R = (S/R, Act,—',="', [s0lr)
where —' and ="' are the smallest relations satisfying:
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o
LS —> implies [s] g —> [§'] g, and

A R(S,[S/]R)
2. s = § implies [s] g —="[¢']-

The definition tells us for any IMC Z and strong bisimulation it holds that Z ~ Z/R.
This is also true when we replace ~ with &~ or =,. The algorithms to compute the
quotient IMC according to strong, weak, or stochastic branching bisimulation in the
CADP toolset is describe in [22]).

In [28], it is proven that bisimulation minimization facilitates the speed of performance
evaluation. Now, if we compute the quotient IMC of a given IMC and use this quotient
IMC instead in our analysis, we can also benefit from this approach. The problem here
is only the algorithm to compute the quotient IMC is not on-the-fly [20]. We need first
to generate the whole state space of the IMC and then compute its quotient IMC. If the
direct generation of state space of the IMC fails, i.e., the state space of the IMC is too
large to generate, then we will not benefit from this approach. However we know that an
IMC may consist of parallel compositions of several IMCs and the bisimulation equiva-
lence is a congruence w.r.t parallel composition, these two properties of IMC implies the
divide and conquer algorithm in the IMC state space generation phase may be efficient
to solve the state explosion problem and avoid unmanageable state space. Let 7 denote
the quotient IMC Z w.r.t certain bisimulation equivalence (i.e strong bisimulation, weak
bisimulation, or stochastic branching bisimulation), then we have T~ (~, ~2py) L. As-
sume the IMC we want to analyze has the following form:

IT=1T1lla, Lr llas -+ llan— In-

Here we assume the size of Z is too large to generate and hence get the 7 direct from Z
is not possible. However, the each component (Z;, i = 1--- N ) in Z is of a tractable
size. Then we can first get every Z; from Z;, and further we have Z; ~ (~, &,) Z; for

0 <i < N.Asa result, if we construct the Z by parallel composition of these quotient
IMCs, we have:

i llay T2 lay -+ llay—y I Ly llay Zo llay -+ llay -y In

Q& 2

br

Compositional aggregation approach. If we extend this property on IMC a bit more, we
will find the essential idea behind the well known compositional aggregation approach.
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Now, we do not restrict to every IMC which is parallel composed with other IMC but
on every IMC generated by parallel composition. For a more compact generation size,
we now do bisimulation minimization on the IMCs each time we get the intermediate
IMCs from parallel composition and then adopt this minimized IMC for later parallel
composition with the remaining IMCs until we get the end minimize IMC. Using this
approach, it directly follows that:

v ||A1 I, “Az 75 ||A3 ||AN—1 In

br

Ty llay 22 N2 I3 Ml as - llaw—y In

Q & 2

Note that during applying the compositional aggregation approach, the parallel compo-
sition ordering has now a significant impact on the maximal size of intermediate IMCs.
This problems will be discussed in [i5], and some restrictions of this approach will be
discussed later in the following chapters.

2.3.4 Analysis of IMC

For analysis, we always consider the closed IMCs, which are the resulting IMCs af-
ter composition and not subject to any further synchronization [46]. In these closed
IMCs, we can hide all remaining external actions safely. If we are lucky, there is no
non-determinism in the resulting closed IMC (or non-determinism can be resolved by
bisimulation equivalence), and after applying weak or branching bisimulation on the
IMC, we should get a CTMC. The traditional analysis approaches like transient and
steady analysis or the CSL model checking can be used on this CTMC.

If the non-determinism is present in the generated IMC after reduction, the analysis de-
pends on a specific resolution of the non-determinism by using policy (also called sched-
uler) in the IMC. The barrier of analysis on IMCs with presence of non-determinism is
overcome by the approach described in [46], and the analysis tool is already imple-
mented by Software Modeling and Verification (MOVES) Group of RWTH Aachen
University [4].

Some case studies by using IMC as semantic model are summarized in [20].
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Chapter 3

Scenario-Aware Dataflow (SADF)

3.1 Introduction

In [31] A.Lee and D.Messerschmitt introduced a special data flow paradigm called Syn-
chronous Dataflow (SDF), which are used to describing DSP applications. SDFs are rep-
resented as directed graphs which consist of nodes and arcs, where the directed graph
describes the algorithm, nodes represent functions, and arcs represent data paths. In
SDE, different sample rates in the same system can be easier handled by specify the
number of data samples produced or consumed by each node on each invocation[31].

But one handicap exists in SDF: the expressiveness of traditional SDF is limited, since
the SDF model can only describe the streaming applications that are static [42], and SDF
lacks of means to express the dynamism in the applications. In [42], Bart.D. Theelen et
al introduced a new dataflow model which allows dynamism to be modeled by using
(sub)scenarios. The benefit of introducing dynamism into the modeling is that we can
obtain more realistic (and accurate) performance analysis than traditional design-time
analyzable dataflow models. We first introduce some terminologies in SADF specifica-
tion and then elaborate the syntax and semantics of SADF specification.
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3.1.1 Scenario-Aware Data Flow(SADF)

Terminology

Roughly speaking, an SADF graph consists of four kinds of components, i.e., kernels,
detectors, and data channels and control channels. We first introduce some definitions
used in the SADF specification.

Processes

Kernels

Detectors

Token

The basic functional units of SADF are processes. Two types pro-
cesses are distinguished: Kernels and Detectors. Both of them are
presented in the SADF graph as circles. In [42], the detectors are
represented as dashed line circles and the kernels are represented
as solid line circles. In our paper, we use the the green circles to
represent the detectors and the blue circles to represent the kernels.

Kernel is similar as the node in SDF model and represents the data
processing part in a streaming application. We can think kernel as
a worker. This worker will finish certain tasks based on his work-
ing scenarios (contexts). To finish his work, he must first receive an
order from each of his supervisor(s) (managers, later as detector),
based on these orders, he can decide his working scenario and wait
some other workers for resource from his supply lines (later as data
channels). If all these conditions are fulfilled, he starts to work. Af-
ter he has finished his work, the required resources are consumed,
and the produced resources are available for other workers.

Detectors represents the control part of the streaming application.
Detectors detect the scenarios for the kernels it connects. We can
think detector as a supervisor (manager) who manages a certain
number of workers (may even be managers for other workers). The
manager can decide the kind of tasks for the workers by sending the
orders to the workers he manages. But the manager may not make
the decision arbitrarily. The kinds of order are decided by certain
function (later, a embedded Markov chain in the detector), and the
time to send order may depends also on the working progress of
certain workers (kernels or detectors).

A Token represents a unit of information can be processed or pro-
duced by a process. The tokens are transferred and stored in chan-
nels. We can image tokens as resources for management or produc-
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Channels

Ports

Data Channels

Control Channels

(Sub)scenarios

Rate

tion on a assemble line. There are two kinds of tokens: data tokens
and scenario tokens.

The processes are connected by channels, which are represented
in SADF graph as edges (arcs). The channels represent the (un-
bounded) FIFO buffers to store the exchanging information for the
processes at both sides. We can image the channels as assemble
(supply) lines which connect the workers and managers. Two kinds
of channels are distinguished, data channels and control channels.
In the SADF graph, control channels are represented as dashed line
edges, whereas the data channels are represented as solid line edges.

Processes are connected by data/control channels through corre-
sponding ports. We can image that the processes use their ports to
connect the entrances or exits of the assemble lines. Three types of
ports defined: (data) input ports, control (input) ports, output ports.
The output ports of a detector are connected with data channels or
control channels, whiles the output ports of a kernel are always con-
nected with data channels. The input port of processes are always
connected with data channels, and the control port of a process are
always connected with control channels.

A kernels output port is always connected with a data channels. In
other words, kernels always produce non-valued data tokens into
the data channels, and these data tokens may be consumed by ker-
nels or detectors. We can image the data channels as assemble lines,
which only carries one kind of resources for production. Only the
amount of resource is important.

The control channels carries the order information for the workers
from their managers, hence the tokens in the control channels are
valued, which indicate different orders.

Scenarios play a center role in SADF and express the dynamism
in SADF specification. Scenarios are the abstraction of the opera-
tion modes of components in SADF. Scenarios can be seen as orders
from managers. Kernels bear only one scenario set, while detectors
always have scenario set and subscenario set. The detector always
operates in subscenarios, which are decided based on the value of
current scenarios from his managers.

The rates indicate the token consumption/production quantities of
a process from/to the channels it connects after its firing. The rates
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are parameterized and depends on the current (sub)scenario, in
which the process is operating. In the SADF, the rates of determined
by predefined function.

Like SDF models, the SADF models can also be represented as direct graphs (cf. Fig-
ure[3.1). But only direct graph is insufficient for the sake of describing dynamism. Three
additional techniques are needed. In SDF, the number of consumption or production
samples (rates) of each node is specified a priori. The SADF follows that way but extends
to (sub)scenarios. A function R is defined to determine the production/consumption
rates of a processes associated with (sub)scenarios. Different firing times of a process
in one (sub)scenario are determined by a generic discrete execution time distribution.
A Markov chain embedded in the detector is used to specify probability of scenario
occurrences. We give the abstract syntax of an SADF graph as follows.

3.2 Formal Definition of SADF

For a given SADF graph G, following sets and functions are defined [41]:

IC, D, P denote the finite set of kernels and detectors and processes in & respec-
tively. From the definition we have: P = K UDand KN D = 4,

Z,,Op,C, denote the input, output and control ports of a process p respectively,

7,0,C denote the union of all input, output and control port set in G respectively:
I=UZ,, 0= OpandC= | C,.
PEP PEP DPEP

B, B;, B; denotes the set of all channels, the set of all control channels, the set of all
data channels in G respectively. Also, wehave B = B, UB; and B.NB; =
@. In the IMC semantics of an SADF graph, we adopt the ordered pair of
input and output ports to identify the channels: (x, y) € O x (Z U ().

X As aforementioned, the control channel is in fact modeled as an unbounded
FIFO bufter. Then we use X}, to denotes the finite set of possible values of
scenario token can be transferred in a control channel b and X is the set
of all finite sequences of symbols in X, that can be produced on the control
channel 5. Then a sequence 0 € X} is denoted in the form: 0 = 0y ...0,.
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Sp

Qg

(S, P)

denotes the non-empty finite set of scenarios in which a process p can op-
erate.

denotes the non-empty finite set of subscenarios of detector d.

denotes the rate function of a kernel k € K. The function R} : 7 U Or U
Cr — N assigns a natural number as rate to the ports of kernel k according
to the scenario s in k.

is the rate function of a detector d € D. The function RY : Z,UO;UCy —
IN specifies the rate for a given w € 2.

is the sequence of tokens d produce after its execution in scenario w onto
an output port 0 € Oy. we easily infer that 17 € X, if the output port is
connected to a control channel b.

is the discrete random variable that captures the generic execution time
distribution of a kernel k for scenario s € Sk.

is the discrete random variable that captures the generic execution time
distribution of a detector d for subscenario w € 4. Recall taht, in
IMC semantics, we adapt the generic execution time distribution for a
(sub)scenario in SADF to a single Markovian transition which interpretes
a mean dalay (value) of the weight average of values in the sample space of
the generic execution time distribution.

is a finite-state discrete time Markov chain (DTMC) associated with a sce-
nario embedded in a detector. This Markov chains can be used to interpret
the function to determinate the occurrence of subscenarios. If a detector d
has no control ports, it always operates in a default scenario €,.

is the function to determine the subscenario for the detector d according
to the current state in the Markov chain associated with scenario s. In other
words, the function @ takes a state in the Markov chain belonging to sce-
nario s as argument and returns a subscenario, in which the detector d is
going to operate.

is the data channel status function of the SADF graph. This function takes
each (data) channel as argument and returns the current number of tokens
stored in each data channel. Thus ¢ has this form: B; — IN.

is the control channel status. Similar as ¥, ¥ is a function which takes each
control channel as argument and returns the sequence of scenario tokens
in each control channel. Thus ¥ has this form: B, — .

ceEB,
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Now we define the syntax of a SADF graph as follows.
Definition 3.1 (SADF Graph) An SADF graph S is a tuple (IC, D, B, ¢*, *) where

o each kernel k € IC is a tuple (Zx, O, Ck, Sk, {(RS, E}) | s € S}) where

- Sk = [leec, 2_p whereb is the control channel connected to control port c,
- Vs € S and Ve € Cy, we have Ri(c) = 1;
o eachdetectord € Disatuple(Zy, Oq,Cq, S, {(SS P DY) | s € Sd} , 4,
{(Rfl’,t[‘;’, EY) |w e Qd}) where
- Sq = cec, Xp, where b is the control channel connected to control port c,

- forevery s € Sy, (S5,05,IP%, ®%) is a non-empty finite state space Markov
chain (S, };, P%) associated with a function: ®} — Qg, which determines
the subscenario for each state in the Markov chain,

- VYo € QqgandVc € Cq: RY(c) =1,

- Vo € Qg and Vo € Oy, we have RY(0) > 0and3(0) € {v € X |
lul = R (0)};

o ¢* : B; — N is the initial data channel status;
o Y B, — Ucep, X is the initial control channel status.

Some explanations about Definition Here, we have a MPEG-4 Decoder shown in
Figure[3.1/as an example. From the definition we have:

(Sub)Scenario
Port

I Py Pz Ps Pso Pso Pro Pgo Poo
a o o 1 1 1 1 1 1 1
b 30 40 50 60 70 80 99
C 99 1 30 40 50 60 70 80 99
d 1 o 1 1 1 1 1 1 1
e 99 © 30 40 50 60 70 80 99

Table 3.1: The rate functions R; and RY of MPEG-4 decoder
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Process (Sub)Scenario E(.5)(kCycles)

Py 0

VLD All except Py 40
Py 0

IDCT All except Py 17
1, Py 0

P3g 90

Py 145

Psq 190

MC Peo 235

P 265

Pgo 310

Poyg 390

1 350
Py 0

RC P3¢, P4, Pso 250

Pso 300

P, Pgo, Poo 320

FD All 0

Table 3.2: The execution time distribution function of processes in MPEG-4 decoder

. D= {FED},
. K = { VLD, IDCT, MC, RC,

« Svip = Ser = Suc = Sre = {1, Po, P30, Pao, Pso, Pso, P70, Pso, Poo},
 Sep = {€rp}, Q2rp = {1, Po, P30, Pao, Pso, Pso, P70, Pso, Poo},

« The set of function {R} | k € K,s € S¢}and{RY | d € D,w € Qg} is shown
in Table[3.1

« The execution time distribution function is shown in Table
SEFD €FD ]P)EFD is sh . .
o (S§7. 155, PEp) is shown in Figure 3.2]

o Theassociated the function @7 with the states in the Markov chain is defined by:
iy (S1) = 1, P (S2) = Po, Ppy (S3) = Pao, Prpy (Sa) = Pao, Pppy’ (Ss) =
Pso, @11y (S6) = Peo, Prpy’ (S7) = Pro, Py’ (S1) = Pso, Pppy (So) = Poo.
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Figure 3.1: An SADF graph to model the MPEG-4 decoder
3.2.1 Operational Semantics of SADF

The operational semantics of an SADF graph is defined by a Timed Probabilistic System
(TPS). Timed Probabilistic System is a variant of LTS, which also consists of configura-
tions (states) and transitions. The transitions are distinguished by timeless transitions
and timed transitions. First we introduce two additional functions (the data channel
status ¢ and the control channel v are already introduced in last section).

Kk is the kernel status function for an SADF (K, D, B, ¢*, ¥*). This function assigns to
each kernel k € K an ordered pair in (S U {—}) x (R{ U {—}), the former element
denotes the current scenario in which k is operating and the latter element denotes
the remaining time for & to finish its firing. If the kernel is inactive then its status will
be denoted as (—, —).

§ is the detector status function for an SADF (IC, D, B, ¢*, ¥*). This function assigns
to each detector d € D atuplein [[, s, Sg X (24 U{=}) x (Rf U {=}). The first
part denotes the vector of current states (the vector of the last leaving states in each
Markov chains in d ) of Markov chains associated with each scenario s € S; asatuple
Ss;s- .-, S5y, the middle element denotes the current subscenario @ in which d is
operating, and the last element denotes the remaining time for d to finish its firing. If
the detector d is inactive currently, its status will be denoted as (S, , ..., S5y, — —).
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Figure 3.2: The discrete-time Markov chain embedded in detector FD associated with
its default scenario €4

Definition 3.2 (Configuration). A configuration of an SADF graph is a tuple
(¢, ¥, k,8), where ¢, V, k, & denote a channel status, control status, kernel status, and de-
tector status respectively. SADF graph (IC, D, B, ¢*, ¥*) has initial configuration C* =
(p*, ™, k*,8%), where the initial kernel status k™ is defined by k* (k) = (—, —) for all
k € K and initial detector status 8* is defined by §*(d) = (v}, ..., )", —, —, —) for all
N = |S;| scenarios of each d € D.

Definition 3.3 (The operational semantics of an SADF graph). The operational se-
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mantics of an SADF graph is an TPS defined as a tuple T = (0, C*, A, A, T, T), where

- O is defined as the set of all reachable configurations of the SADF graph, and let
D(O) to be the set of probabilistic distributions over ©, then we have D(®) =
{m:0 —[0,1]]| Zcecom(c) =1},

- C* € O is an initial configuration,

- Ais a set of actions,

- T C Ry is the domain of time and let T+ = T \ {0},

- A C O x AxD(O)is aset a of action transitions, and

- TC O xTT xD(O) is a set of time transitions.

Semantics of Transitions. 'The core of the operational semantics of an SADF are the
transition relations. Two kinds of transitions are distinguished: action transition and
time transition. Again in action transitions, there are 6 types: control action transition,
detect action transition, kernel start action transition, kernel end action transition, detec-
tor start action transition, and detector end action transition. The concrete semantics of
these transitions are described as follows.

Definition 3.4 (Control Action Transition) A control action transition indicates that
a kernel k “confirms” a scenario, in which it is going to operate. The prerequisite that kernel
k can confirm the scenario is every control channel with which its control ports connect
has at least one scenario token. Then we define the control action transition by:

control(k)

o« ——C O x D(O), and if

o k(k) = (—,—) and |y (b.)| > 1 for each channel b, connected to a control port

¢ € Cg, then (¢, ¥, k,0) M n withm (¢, ¥, k', 8) = 1, where the resulting

kernel status k' is defined by:

, ) «lk = (&, —)] if Ck =0
] klk — (IM¢ec, ¥ (be)1,—)] otherwise
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Some explanations on the definition of control action transition: When each con-
trol ports of kernel k has at least scenario token available, which means the scenario,
in which k is going to operate is uniquely determined. The value of scenario de-
pends on the sequence of the first scenario token values of each control ports of &, i.e.
Meec, ¥ (be)1. Accordingly, after the transition the first element of kernel status of k
is modified to this value. Since when the firing of k starts depends on the sufficiency
data tokens at its data ports now, the second element of kernel status (the remaining
execution time of k) remains undefined (-). A special case is when the k£ has no con-
trol ports, i.e., k operates always in its default scenario (e ). Moreover, the transition to
the next configuration(¢, ¥, k', §) is unique determined, so the probability to be in that
configuration is w (¢, ¥, k', §) = 1.

Definition 3.5 (Detect Action Transition) A detect action transition is a transition to
indicate the determination of the scenario and subscenario in a detector. The subscenario
is written into the configuration of detector, and used for the later firing. The detect action
transition of a detector d is defined as follows:

detect(d
LD % D(O), and if

« 3(d) = (Ss;»-- 2S5+ Ssi Ssiys - - -+ Ssy» —, —) for some combination of states
for the N = |S4| Markov chains associated with d, and |y (b.)| > 1 for each
detect(d)

channel b, connected to a control port ¢ € Cq4, then (¢, V,k,0) —— m,
where the distribion function m is given by:

P (Se,.T) foreach T € S ifCq = 0

(. ¥,k 8) = PY (S, T) foreach T € S
with s; = Hcec’d V(b1
and the detector status is modified from & to 8’ as follows:

otherwise

§[d — (T, @5(T), )] foreach T € S ifCq =10

5= 8[d —> (Ssyr- s S5 1s T Sy o Ssnr @5(T), )]

Sy otherwise
5i
foreach T € S J
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If a detector d is not executing in some scenario and also the subscenario is not deter-
mined (according to the content of last two elements “—” in §(d )’s status), then two situ-
ations are distinguished. If d has no control port, then it can directly enter the Markov
Chain associated with its default scenario €; for requesting the possible subscenarios
for the later execution, or if it has control ports, then it must first determine the sce-
nario according to the values of control tokens at its control ports, this is determined
bys; =1, cc, ¥ (b.)1, then d enters the Markov chain associated with scenario s; for
requesting the subscenario. Since the vector (tuple) (Ss,, ..., Ss;_;, Ss;» Ss; 10+ » Ssy
remembers the last (leaving) state of each Markov chain with the corresponding sce-
nario, the enter state now is the last leaving state (here Sj;), the probabilities to get to
the successor state(s) of Sy, are determined by the function P of DTMC associated with
scenario s;. Then the probabilistic transitions are made and the last leaving state in the
DTMC associated with scenario s; is modified to the successor state(s) (7") instead of
Ss;» and the subscenario determined by @7/ (T') is written to the penultimate element
of the configuration of d. The last element of the configuration (status) of d (remaining
execution time of d) is still undefined (—), this will be modified by the detector start
action transition after the data token availability is checked. For the detector d without
any control channels, this detector has only one Markov chain for the default scenario
€4 and the condition of emanating the detect action transition is satisfied immediately.

Definition 3.6 (Kernel Start Action Transition) A kernel start action transition indi-
cates the start of processing data (firing) by a kernel. The kernel start action transition of
a kernel k is defined as:

start (k)

o« ——>C O x D(O), and if
o k(k) = (s,—) for some scenario s € S and ¢(b;) > Ry (i) for each channel b;

. . start (k)
connected to input porti € Iy then (¢, ¥, k,5) ——> 7, where

o the function mw is defined by w (¢, V., k,, 8) = P(E} = e) withk, = [k — (s, e)]
for all execution times e in the sample space of E;.

If the scenarios s for the kernel k’s firing is determined by the control action transition
(cf. Definition [3.5| with the modified configuration « (k) = (s, —)), and now the num-
ber of data tokens in each data channel b; connected with k’s input porti € Z is check
by the function R} (i). If the data tokens are enough for all these channels, then k can
start its execution by making a kernel start action transition labelled with k. The prob-
abilities of successor states () are decided by the generic discrete distribution function
P(E} = e), where e is the execution time, and IP(E} = e) returns the probability of
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k finishes its firing in e time units in scenario s. After the kernel start action transition,
the configuration of k is modified to (s, ) accordingly.

Definition 3.7 (Detector Start Action Transition) A detector start action transition
indicates the start of execution of a detector. We define the detector start action transition
of a detector d as:

d
. MQ ® x D(O), and if

e 8(d) = (Ss,...,Ssy,®,—) for some combination of states for the N = |S4]|

Markov chains associated with d, a subscenario w € Qg4, and if ¢(b;) > R4 (i) for

. tart(d)
each channel b; connected to an input porti € Ly, then (¢, Y, k,05) T w

where

o the function & is defined by (¢, Vv, k.8,) = P(EY = e) with§, = §[d —
(Ssys- .., Ssy,w, e)] for all execution times e in the sample space of EJ.

Similarly as kernel, detector start action transitions describes the execution start of a
detector d. The subscenario for later execution is determined some time before by the
detector action transition (cf. Definition [3.5). The next step is to wait for all the data
tokens available of each channel connected with d’s input ports according to the deter-
mined subscenario w. If all data tokens are available, the kernel starts to execute. The
detector start action transition is also probabilistic distributed, the distribution is de-
cided by the function P(E7 = e). Then the execution time e is written into the last
element (remaining execution time) of the configuration of d.

Definition 3.8 (Kernel End Action Transition) A kernel end action transition indi-
cates the end of firing of a kernel. The kernel end action transition of a kernel k is defined
as:

dk
i ® C O x D(®), and if
end(k)
o k(k) = (5,0) for some scenario s € Sk, then (¢, V¥, k,0) —— @ with

w(p' Y k', 8") = 1, where

o the resulting configuration (¢, ', k', 8') is defined by
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‘. for each non self-loop channel b;
¢[bi — ¢(b;i) — Ri(i)]

connected to an input porti € Iy

for each non self-loop channel b,

¢ = 9100 = ¢ (bo) + Ry (0)] connected to an output port o € O
for each self-loop channel b,;

¢lbr — ¢ (o) + Ri(0) — Ry (1)] connecting to an output port o € Ok

to an input porti € Iy

and ' = Yb. — Y(b:) — ¥ (be)1] for each channel b, connected to a
c €Crandk’ =«klk — (—,—)].

If kernel k finishes its firing, i.e., the remaining execution time (the last element of k’s
configuration) is equal to zero, the kernel end action transition is made. There is no
probabilistic distribution of this transitions. After this transition, the data tokens in the
control channels and data tokens in the data channels connected with k are consumed
or produced at the same time according to the R; function, and the configuration of
becomes undefined to (—, —).

Definition 3.9 (Detector End Action Transition) A detector end action transition in-

dicates the end of execution of a detector. The detector end action transition of detector d
is defined as:

d(d
. en—()>§ ® x D(O), and if

¢« 8(d) = (Ss;5...,Ssy,w,0) for some combination of states for the N = |Sy]

. . ) . d(d)
Markov chains associated with d, a subscenario w € Qg4, then (¢, ¥, k, 5) e

w withm (¢, ¥, k', 8§) = 1, where
o the resulting configuration (¢', V', k', 8') is defined by

s for each non self-loop channel b;
¢[bi — ¢(bi) — R ()]

connected to an input porti € Iy

¢ = b b RO for each non self-loop channel b,
—) el d(O)] connected to an output port o € Oy

. foreach self-loop channel b,;
$lor = ¢ (boi) + R (0) = RG(0)]

connectedtoano € Og toani € Iy
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and
5 5 5 for each non self-loop channel b,
Vibe = ¥(be) = ¥ (be)il connected toan c € Cy
V[bo — Y¥(bo) +15(0)] for each non self-loop channel b,
V' = witht7 € ZZC and |5 (0)| = R§(0)  connectedtoano € Oy

Wbt — P (boc) + 1200) — Y(boe)y] 2 selloop channel bo

W " ® » connected to an output port o € Oq4
witht7 €}, —and|t7(0)| = RY(0)

to an control port ¢ € Cq4

and 8 = 8[d — (Ss,v.... sy — —)].

If a detector d finishes its execution, i.e., the remaining firing time (the last element of
the configuration of d) is equal to zero, the detector end action transition is made. The
tokens are produced and consumed according to the function R¢ at the same time, and
the last two elements (the current subscenario and remaining time) become undefined.

Definition 3.10 (Time Transition) A time transition denotes the time advancing of the
execution of the SADF graph. The time transition of t time units is defined as:

time(t)

o« —— C O x D(O), and if

o there exists a process with a positive remaining execution time and no end tran-

sitions are enabled, and t is the smallest remaining execution time of all pro-

. » . . . time(t) .
cesses with a positive remaining execution time, then (¢, ¥, k,8) —— m with

(P, ¥, k', 8") = 1, where the resulting configuration (¢, V, k', 8’) is defined by
- k'(k) = (s,n —1t) ifx(k) = (s,n) forsome s € Sk and n > 0 for each

kernel k, and
-38'(d) = (Ssys.--,Ssp,0,m—1t) if 8(d) = Ss;,...,Ssy,®,n) for some
combination of states for the N = |Sg| Markov chains associated with de-

tector d, some w € Q24 and n > 0 for each detector d.

One thing to remark is that before any time transition can be made, there should be no
end transitions can be enabled. This means finalizing the firing of processes has a higher
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priority over advancing time [42]. On the other hand, this restriction does not state
about how to resolve the non-determinism between other actions (e.g., control action
transitions, detect action transitions, etc.) and advancing time (i.e. the time transition),
which allows to capture all possible scheduling policies in the system. Further, among
these possible scheduling policies, a class of scheduling policies which prescribes that
performing actions cost no time and therefore should take precedence over advancing
time. This assumption between time advancing and performing actions is called action
urgency [36]. However, if we compare action urgency with the maximal progress as-
sumption in IMC (cf. Definition[2.10)), we will find the maximal progress is only allowed
on the special internal interactive transitions (t-transition). To allow action urgency on
IMCs, we must manually set the priority on actions in IMC, and this will be discussed
turther on in this paper. This assumption (action urgency) matches in fact the so called
self-timed execution for SDF graphs|42, 18], which is a scheduler that the firing of every
process starts immediately when all required tokens are available. The self-timed execu-
tion is of special interest, since it ensures the best (tightest) bound that can be given on
the timing behavior of the application base on the SDF model. But the action urgency
assumption may be disadvantages for other metrics like latency [42].

3.3 Important Properties

In [41], some useful properties of SADF specification are stated. In this section, we intro-
duce three important properties: boundedness, determinacy and long-run equivalence
in SADF specification, which are very closely related to our IMC semantics. Note that,
if we want to analyze the SADF model, many performance metrics (like throughtput
and time-average buffer occupance) have no meaning, when the SADF is untimed [41].

Definition 3.11 [41] (Untimed SADF) An SADF is called untimed, if the firing time of
all processes in all their (sub)scenarios is zero.

3.3.1 Boundedness

The most important property for our IMC semantic of SADF specification is the bound-
edness of an SADF graph. The definition of boundedness of SADF graph is defined as:

Definition 3.12 [41] (Boundedness) An SADF is called bounded iff a B € N such that
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for all reachable configurations (¢, ¥, k., 8), ¢(dc) < B foralldc € By and |p(cc)| < B
forall cc € B,. Otherwise, the SADF is unbounded.

Theorem 1 in [41] gives the criterion to determine whether a strongly consistent SADF
graph is bounded or not. When we express the semantics of SADF model in terms of
IMC, the only difference is the execution times per (sub)scenario expressed by a generic
discrete distribution change to a single execution time expressed by a random variable
which is governed by an exponential distribution. Since the definitions like strong con-
sistency, strong dependency, active process in SADF specification which are not subject
to the execution time of processes, the properties stated above are unchanged and can
also simple be adapted into our case. Therefore, in our IMC model, it directly follows
that if the SADF graph is bounded, then the state space of its corresponding IMC is
finite.

3.3.2 Determinacy

Theorem 3 in [41] states that the functionality represented by an SADF does not affect
by the non-deterministic choices but only by the probabilistic choice that determine the
sequence of scenarios successively detected by each detector.

This theorem is validated by the diamond property in SADE.

Definition 3.13 [41] Let wc, € D(®) denote the probability distribution over © after
performing an action or time transition o from a configuration C if it exists. Relation

71 —> 5 holds if for all configuration C with positive w1 (C) transition o can be per-
formed and w,(C') = ) cco®1(C) - o(C’) for all possible resulting C' € ©.

The the following lemma states the policy for resolving the non-deterministic choice
between two actions that are performed immediately after each other is irreverent [41].

Lemma 3.1 [41] (Diamond Property) Let o and 8 be two enabled actions. If & o
and i> n” withmw,n',xn"” € D(O), then there exists some m* € D(O) such that

B o
' —a*andn” — w*.
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3.3.3 Long-run equivalence

For the performance analysis of untimed SADE, two approaches are used. One approach
is to derive a (discrete-time) Markov chain from the involved TPS and then analyze the
obtained Markov chain using a similar approach in [45]. With this approach, any long-
run average or worst-case performance metric can be analyzed. The first step of this
approach is to resolve the non-determinism in the involved TPS. The scheduler used to
resolve the non-determinism may affect certain metrics like the maximum occupancy of
a buffer, but will not affect many long-run average performance metrics. This property
is stated by the Theorem 4 in [41].

Theorem 3.1 [41] (Long-Run Equivalence) Any long-run average for a timed SADF
model that merely depends on the status of the system in configuration of the TPS
just before and after time transitions converges to the same result regardless how non-
determinism is resolved.

After this step, a new TPS is obtained and if the SADF is deadlock-free and further, by
shifting the information on the occurrence of actions and process of time into the con-
figuration, a discrete-time Markov chain is obtained for performance analysis. Here, the
state-space of the obtained discrete-time Markov chain is finite if the SADF is bounded.

The second approach to evaluate certain specific worst-case metrics is the possibility
to convert an SADF model into a set of SDF models. One SDF model in the set is for
each possible scenario combinations using the largest possible execution time for each
process in that scenario combination [41].

For details of the properties of SADF graph we refer to [41]. Furthermore, we also have
the similar properties on the IMC semantics of SADE, and the differences and relations
between the TPS semantics and IMC semantics of SADF models is discussed in Sec-
tion[4.3.1
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Chapter 4

The IMC Semantics of SADF

Many successful case studies have proven that IMCs are a natural semantic model for
stochastic process algebras [20]. In this chapter, we attempt to present a framework to
build and analyze the SADF models by using IMCs. The details of the formal definition
of an SADF graph and its operational semantics represented by Timed Probabilistic
System (TPS) are introduced in Chapter[3] In our SADF specification, two modifications
are needed before we adopt IMCs as the semantic model of SADF as aforementioned:
First, in the TPS semantics of SADE, a generic discrete execution time distribution per
(sub)scenario P(E}, = e) or P(E7 = e) is used. Now, we assume if the random
variables in the sample space of a process p’s (a detector d’s) generic discrete execution
time distribution of scenario s (subscenario w) are ey, e, ..., e,, then we emerge the
generic discrete execution time distribution of s (@) into a single constant execution
time by e}, = (IP(E;7 =e)-e1+ -+ P(E, = en)- e,,) (ef = (]P(E;’ = e1) -
ey + -+ P(EF = ey) - en) ). We do the emerge of the generic discrete execution
time distribution for each process of all (sub)scenarios it has. Since the time transition
represents a fixed-time delay before moving to a successor state from the current state,
and this assumption does not coincide with the assumption that a Markovian transition
in IMCs describe an exponentially distributed delay. We translate the average execution
time e3, (e7) obtained by the first step into an exponentially distributed delay with mean
time e}, (e7), which is represented by a Markovian transition with rate A}, = 1/e3,

(A9 =1/e9).

Furthermore, recall the unbounded channels in SADE, the status of a data channel can
be represented as a natural number, and the status of a control channel is a sequence
of values of tokens. It is a natural choice to represent the status of channels as state
variables. Following this idea, we integrate the state variables into LTSs (it is the same
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way to extend with IMCs). These variables have a certain predefined data type, and also
some predefined operations are used. For instance, we may have an LTS representing a
counter and integrate a natural number as variable in this LTS, the conventional oper-
ations on natural numbers like “4-, —, <, >,...” can be used as their usual meanings.
In this way, we obtain an LTS whose states and transitions represent the control part of
the LTS and the variables represent the data part of the LTS. Now, we extend the state
variables in our case and allow variables to be integrated in our IML expressions. Then,
our extended IML expressions can interact with variables in two ways [77]:

Assignments: the values of variables can be changed by the transition.

Guards: a transition is called a guarded transition when the transition is only possible
when the condition on the variables holds.

Example 4.1 Figure[y.1shows a small example of extended LTS with a variable x € .
This LTS describes a bounded buffer (capacity=3) with certain functions. The variable x
represents the current number of tokens in the buffer.

ifx <3

a

x:=x-+1
ifx>2
b

x:=0— SO

Cc

Figure 4.1: An LTS with a variable x described in Example

Unfolding  Usually, the extended version of LTS with assignments and guards is con-
venient to read but sometimes the formal way of describing transitions becomes un-
clear. On the other hand, process algebras like IML are basically behavior-oriented and
the states in the modeled system are only auxiliary elements [24]. The equivalence no-
tations on process algebra, i.e. the bisimilarities concentrate only on the behavior of
states. If there are variables in the states, to find the equivalent class of states by ap-
plying bisimulation on these LTSs are not feasible. The solution here is to remove the
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assignments and guards transitions in our system, in other words, in the case of LTS, we
can always find an equivalent LTS without assignment and guard transitions to the orig-
inal extended version of LTS. The unfolded LTS of Example[4.1is shown in Figure

Figure 4.2: An unfolded LTS of Example

In Figure [4.2} we can easy find the transitions in the unfolded LTS are neither guarded
nor have assignments on transitions. We can remove the guards in the unfolded LTS,
for a guard transition is possible or not depends on the value of variable x, which is now
explicitly valued in each state. Since the value of variable is explicitly integrate into the
states, we can easily determine the successor states, which the transitions leads to, from
the current state. In Chapter 5}, we will let the toolset CApp (Construction and Analysis
of Distributed Processes) to unfold the expressions in IML and generate the equivalent
IMC for us. Note that we only allow variables to appear in our IML expressions, for the
generated IMCs, the transitions are no longer guarded or has assignments on them.

Even when the buffers in SADF specification are first defined as unbounded, the un-
fold technique is still applicable to obtain a equivalent infinite IMC to represent these
channels, due to the fact the values to represent the status of channels are countable. If
the values are specified, the possible transitions are unique determined. On the other
hand, we concentrate only on the SADF models that are bounded. An unbounded SADF
graph implies some of its channels are unbounded, and to check the non-trivial behavior
properties on the unbounded channel systems is undecidable [40]. For bounded SADF,
the IMCs to represent the channels must be finite, even though we can not determine
the exact size before we generate the whole IMC for this SADE.

4.1 The elementary IMC models for SADF

The rules of parallel composition and hiding in IMC provide a means to obtain a clean
and well-understood semantics of modeling real life systems [20]. We follow this ele-
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gant way and first provide an overview of our target model SADEF. In an SADF model,
four kinds of components are defined with individual functionalities, i.e. kernels, detec-
tors, data channels, and control channels. Briefly we recall the functionalities of these
elements in an SADF graph.

A Kernel is a data processing component with a life cycle of four steps: 1) it determines
the scenario in which it later operates; 2) checks the availability of data tokens; 3) starts
to fire (execution); 4) consumes and produces data/control tokens after firing.

A Detector is the scenario decision component for its dominating processes with a life
circle of four steps: 1) it determines the scenario; 2) determines the subscenario based
on the scenario; 3) checks the availability of data tokens; 4) starts to fire; 5)consumes
and produces data/control tokens after firing.

A Data channel is defined as an unbounded FIFO buffer which can store the data to-
kens. The process connects the data channel through its output port acts as a “producer”
which produces the data tokens and puts them into the channel. The process connects
the data channel through its input port acts as a “consumer” which gets the data tokens
from the channel and consumes them.

A Control channel is defined as an unbounded FIFO buffer which can store scenario
tokens. Different from data tokens, scenario tokens are “valued”, i.e., the control tokens
consists of the different values that represent different (sub)scenario types. The behavior
of the processes may depend on such values of (sub)scenarios.

Before we define the semantics of elements in SADF graph by using IMC, there are
some observations from the SADF graph. The data channels can be treated as counters,
as the value of tokens is undistinguishable and only the number of tokens stored in the
channel influences the behavior of processes. The data channels and control channels
are unbounded, i.e., they are modeled as infinite-size buffers. The possibility to bound
the buffer size of each components and apply the compositional aggregation approach
for state space generation is discussed in Chapter|s|

To take the advantages of IMC as semantic model, we should construct the whole sys-
tem component-wisely and build the IMC of SADF specification from smaller partial
SADF graph until the whole graph through parallel composition and hiding. The de-
composition of SADF model can simply follow the idea of the components of SADEF,
i.e., divide an SADF into kernels, detectors, data channels and control channels. But for
efficiency (cf. the first case study in Section [5.4.1), we integrate the channels into the
process, which consume the data/control tokens from these channels. In our definition
of IMC semantics of SADE i.e., these channels are modeled as variables in this pro-
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cess. We also allow the actions expressed in IML to be guarded and have assignments
on them.

To distinguish the participants (i.e., the recipient or sender) during the synchronization
in IMC, e.g., Z; || 4 Z»), in following text, we divide the actions in A into two sets: the
input actions and output actions. We add an overline above an action (e.g., output to
indicate it is an output action, otherwise (i.e., no signature is added to the action) it is
an input action. If an output action, say a is emanated by the sender, and at the other
side, a recipient can perform a action a, then an a synchronization happens, and both
participants can make a a-action. Note that the input actions are delayable, since the
recipient is waiting for another process in the system to perform an output action.

4.1.1  The IMC Semantics of Data Channels

9p.p' ipp (£

>

Figure 4.3: A general form of data channel in SADF graph

Figure |4.3| shows a general data channel DC, ,/, which connects processes p and p'.
The process p has an output port 0, ,» € O, and the process p’ has an input port
ipp € L,. Asaforementioned, data channel can be seen as a counter with aware of its
token-number status. So we define the data channel in IML with a variable ¢b, ,» € IN.
There are three main issues of defining the IMC semantics for data channel:

1. The data channels are defined as an unbounded buffers. Although every data
channel has bounded buffer size if the SADF is bounded [41], the exact size of
buffer is still unknown before we get the whole state space by using state explo-
ration approach.

2. The number of tokens to be produced by p or consumed by p’ depends on the
current scenario in which p or p’ is operating. There are two ways to implement
this: either the two processes send several “sequential” elementary increase or de-
crease signals to synchronize with the data channel or they just send their current
scenario to the data channel and let the data channel do this for them. We adopt
the latter way.

3. The data channel is not accessible from other processes except the two that are
connected through this data channel. For instance, in Figure|4.3, p can only pro-
duce tokens and put them into the channel and p’ can only fetch them out, no



48 Chapter 4. The IMC Semantics of SADF

other processes in the of SADF may have the authority. So to avoid awkward state
space (caused by synchronization transitions between processes) during genera-
tion of the system, we decide to integrate the data channel into the process, which
fetches the data tokens from this data channel, as a variable (natural number). We
do not separately give a formal semantics of data channel.

Only to give a simple understanding of how a data channel is defined, we define a state
variable db, ,» € IN and give an IMC of a simplified data channel, which can only store
and transfer data tokens, and is not aware of the number of tokens in it, by using IML:

produce. DC(ab,, ,/+1) c it dbyy =0
DC(dbp!p/) =

produce. DC(ab,, ,,+1) + consume. DC(db,, ,,—1) : if db, , >1
Figure [4.4] shows the IMC of such an infinite data channel with initial token number

dbp,,» = 1. Note that all actions in the data channel is input actions, which means the
data channel will only change its status when the environment requests.

start
produce produce produce produce
consume consume consume consume

Figure 4.4: The infinite IMC represents an unbounded data channel

4.1.2 The Semantics of Control Channels

Figure 4.5: A general form of a control channel

Similar as the data channel, we integrate the control channel as a variable into the pro-
cess, whose control port is connected with this control channel. For the control channel
is a scenario-valued unbounded FIFO buffer rather than a counter like data channels,
we define a data type called control buffer. To give an intuitive understanding, we define
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the control channel separately, and the integrated case of control channel is shown in
the kernel’s or detector’s IML expressions.

First we give an informal description of the data type control buffer, the formal defini-
tion is described in Chapter [5| by using the algebraic specification language Act ONE.
Here, we briefly describe this data type informally. We assume the set of token values
for (sub)scenarios in a control channel is finite and denote it as ¥'. A data type control
buffer is defined as a list of scenario values (scenario string) and can be denoted as the
set X¥*. A special bottom symbol [ ] represents an empty control buffer without any
values in it; the infix-function “:” means to add a value to the front of the control buffer,
and the value can be fetched only from the top of control buffer; the function empty
takes a control buffer as argument and returns a boolean: “true’, if the control buffer
is empty or “false”, if it has scenario value(s) in it; the function first takes a non-empty
control buffer as argument and returns its topmost value; a sequence of values stored in
the control buffer can be denoted as string xs instead of denoting as x,, : ... : xy; the
function |(xs)| takes the value string xs as argument and returns the natural number
of how many elements in the string. The tail function simply removes the topmost ele-
ment of the control buffer and returns to the remaining part of control buffer. Instead
of adding the values one by one into the control buffer, we the function “44-” can be
used to concatenate two value strings. The “4+” function can be defined as:

R L E RIS ) E (Y CHPRPEY CORY CMERITE R RRP)

These operations on control buffer will be used in the IML expressions of kernels and
detectors. Here we give an example of simplified control channel without integration
into the semantics of process semantics:

Y cex produce,. CC(x]) cif cbg,=[lxeX
CClcbap) = Y cex produce, .CC(lx:cha, ) if |cbgp|>1,and

+ consumey, .C C (tail(cby, »)) . y = first(cbg,p)

An LTS of a bounded control channel with capacity=2 and ¥ = {a, b} is shown in

Figure

4.1.3 The IMC Semantics of Detectors

Figure shows a general form of a detector in an SADF graph.  Our
goal here is to define the semantics of this general detector d by giving
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Figure 4.6: An example of a bounded control channel

an equivalent IMC. Recall that from Chapter a detector d is a tuple
(Za.0q.Ca.Sa. {(S5.05.P5. @5) | s € Sa}.Qa. {(RY.15.EQ) | w € Qa}).

Generally, we assume a detector d is connected with detectors dy, ..., d;,di+1,....d;
and kernels k1,...,kmu, km+1,...,k,, moreover we call dy,...,d;, kq,...,k, the
successor processes of d and call d;41,...,d;, K41, ..., k, the predecessor processes

of d. We also assume the functions RY, 17, EJ for each subscenario w € 2, and the
finite-state discrete-time Markov chains (S}, ¢, P%,, @3) for capturing the occurrences
associated with each scenario s € Sy are given. Note that the generic discreet execution
time distributions of detector d are now adapted to single execution delays which are
governed by exponential distributions. Every such distribution is characterized by a
single parameter A € R™.

We identify the channels by the processes that are connected through these directed
channels, e.g., if a set of control channels from a detector d’ pointing to a detec-
tor d, then these control channels are identified as CC 1,’ g--.CC Z,(f ;i'd. zd4"d g
the number of these control channels from d” to d. Similar as control channels, the
set of data channels from d’ to d is also identified as DC 1,, g DC y,i;d, with
y4’4 is the number of these data channels. Note that from a kernel k' to a detec-
tor d, there are only data channels possible to connect them, so these data chan-

nels are identified as DC}, ,,..., D ,f,kd’d. The input, output and control ports
are also identified in the same way, e.g., d’ and d are connected by data and con-

d’.d d’.d
trol channels DC}, ;,...,DCY"*,CCy, ,,...,CCj, ;° through the output ports
.1 .yd/’d 1 zd’.d he i 1 ‘yd/'d
{ozd,’d,...,md,,d ,ocd,’d,...,ocd/’d} € Oy, the input ports {ld’,d""’ld’,d } €

Z; and the control ports {C¢11/, g cazlfi:ld} € C4. Especially, in the original SADF
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Figure 4.7: A general form of a detector

semantics allows the detector d to have data and control c}}lannels connected with it-
self. These channels will be identified as DC} dd .DC) 7.4 With input and output

dd d, d
ports ldd,.. ldd Oldd,...,Oldd and CC[}d,.. CCZd with control and out-
ut ports c! 2" ocl ,oc?" " . Then we have
putp dd 2 %.d 9%aqqr - dd
— -1 . xk'.d -1 ~yd/’d
Id — U {lk/,d""’lk/,d }U U {ld/,d""’ld’,d }
k'elky,...km} d’el{dy,....d;}
1 d’.d
Cd = U {cd/,d""’cé’,d }
d’e{d,d,...,d;}
k’.d k’.d
-1 .y 1 :
Oy = U {00 4o 004 YU U {ockgre v 0ckg }
k'elkm+1,..kn} k'etkmt1,ekn}
-1 yd'd 1 zdd
U {oigig,....0i5 4 YU U {ocyagr--vocqg }

d’E{d,di+1,...,d_j} d/e{d,di+],...,d_j}
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Fork' € {ky,...,k,}andd’ € {d,,...,d;}, wehave:

K'.d . .yd’.d d’.d
Ok 2{0p0g -0k g 3 Oar 24004 g...0i%, 4 yU{ocy 4...0¢5 4 }.

For the purpose of clarity, we divide the IMC semantics of detector into two mod-
ules. The first module is called the function module and the second module is called
the subscenario-specification module. The function module of the detector is the back-
bone of a detector with following tasks: It decides the current scenario for subscenario-
specification module based on the values of its control ports, then it passes the sce-
nario to the scenario-specification module, soon it can receive the subscenario values
from the scenario-specification module, then it determines the availability of each input
ports depending on the subscenario. After it is aware that enough tokens are available
at each of its input ports, it starts to fire. After firing, it consumes data tokens and sce-
nario tokens from each channel differently based on the value of the subscenario. The
subscenario-specification module is based on the set of discrete-time Markov chains
{ (S5,¢5.P5%, D3) | s € S4 } with the task of determining the subscenario for the func-
tion module. Note that the scenario-specification module can send more than one sub-
scenarios back the function module, because it determine the subscenarios probabilis-
tically.

The Semantics of Subscenario-specification Module

Our first step is to define an IMC to express the finite-state discrete-time Markov chain
(S5, 15,5, @7) for each scenario s € Sg. We assume S, = {So, S1,..., Sy} .15 = So
and P} is the matrix of one-step transition probabilistic with X,esP(x, y) = 1 for all
x € Sj. We also define the set Tg, = {T | P4(S;,T) > 0}, S; € Sj;. An example of
such a finite-state discrete-time Markov chain is shown in Figure

If we have such a set of Markov chains associated with scenarios, we first define an IMC
in IML for each scenario. We choose a scenario s € S; and its corresponding Markov
chain (S, ¢;, P, @) as a representative.

Definition 4.1 (The IMC semantics of scenario-specification module for scenario
s) The IMC semantics of the scenario-specification module for scenario s is described by
following IML expressions:

SP; := SPg, (4.1)
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start > Sy
The @-function

D(So) = w1
D(S1) = w2
D(S2) = w3

Figure 4.8: An example of (S, ¢, P, @) in a detector

SPg. = reqs.SPgl_, (4.2)

SPy =Y Prob{% TSP, (4.3)
TeTgi

SPSZ_// = @;(S,).Spgvl (4.4)

The first expression says that we begin with the initial state Sy in the Markov chain
. The second expression means that for every state §; € S?, if the scenario-
specification module receives a signal labelled with scenario s from the function module
of detector, they will synchronize with this signal and the scenario-specification mod-
ule will behave like the expression SPg, ’. This req; signal tells the scenario-specification
module that the prerequisite to decide a subscenario in scenario s is fulfilled and asks
the subscenario-specification module to finish this task. After this transition, in expres-
sion (4.3)), the subscenario-specification module must decide which are the successor
states of S; and with what probability. This is done by checking the given matrix of
one-step transition probabilities in SADE Assume the set of successor states of the cur-
rent state S; is 7., i.e. the set of states T € Sj such that P (S;,T) > 0. For the
state 7', we do not make a transition direct to 7', but add an additional intermediate
state 7" which belongs to the state 7', this state is reached by a probabilistic transition
according to IP; from state S. Since IMC does not directly support any probabilistic
transitions, these probabilistic transitions are first represented by normal transitions
labelled with ZTGT; ProbS’Si 1) ie., we have an non-deterministic “action” for each
probabilistic option (l)rigination from the discrete-time Markov chains associate to the
detector d and the scenario s. In this way, the probabilistic transitions in the Markov
chains associate to the detectors are unique labelled (associated) with the transitions in
the resulting IMC. Latter, we will use P, (S;, T') to replace the transitions labelled with

Probff’si 1) a5 a scheduler to solve the non-determinism in IMC. The unique identifica-
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tion of probabilistic transitions in IMC and the forbid of these action names to appear
in the synchronization set avoid these “probabilistic choice actions” to be synchronized
with other actions. From the intermediate state 7", the only possible transition is to
send a subscenario @7 (T') back to the function module (expression and then the
state T is reached. To replace these transitions back to real probabilistic transitions will
be discussed in Chapter ]

Example 4.2 Apply our definition to the Markov chain and @ -function in Figure[4.8} we
obtain the following expressions. In the square brackets [---] is the actual probabilistic
information of this transition. The corresponding IMC is illustrated in Figurel4.o|

SPSP
€
SPg>

SPE,

SPgP
5P

€D
PSP,

SPs;
rede,,-SPh
Prob P> SV[S] SPL, + Probs ™5 [2].SPg,

S2//
@1.SP3,

reqe,, .SP;ID,
Proby 15 [1].S PP,

@;.SP§P

requ.SPEZD,
Prob$P 5250 [1].SPER, + Prob$P >V [1].SPER, + ProbsP5> 5[ 2].SPED,

SO// Sl 4 5
@3.SPgP

Definition 4.2 (The IMC semantics of scenario-specification module of SADF). Let
SPj to be the IMCs according to discrete-time Markov chains in SADF for each s € Sy,
then the whole IMC SP; for the scenario specification part is defined as:

SPy = SP; || SP2 || -1l Py (Sa = {s1,52.....5n})

The Semantics of Function Module

The general form of a detector d is shown in Figure Since we integrate the data
channels and control channels as variables into the process, which consumes the data



4.1. The elementary IMC models for SADF 55

Figure 4.9: The IMC semantics of the Markov chain (S}, (5", P5”, ®35)

tokens or scenario tokens from these channels, we need to synchronize with all the pro-
cesses connected with d. Note that only the channels between the detector d and its
predecessor processes are integrated into d. The channels connected with d’s output
ports belong to its successor process respectively. Then d should integrate the chan-
nels from processes ki, ...,k,dy,...,d; as variables in its expressions. For each
kernel k" € {ky,...,kn}, the data channels to integrate in the the detector d are
DCkl,,d, el DC,f,]f;d. We use DBy g = (dbl,,d, .. ,db,’{‘,k’/f ) as the variables which
are of type natural number to represent the status of these channels. For each detec-

d’.d

tor d’ € {d.,d,,...,d;}, the data channels from d’ to d are DCj, ,,...,DC], ; ,

and the control channels from d’ to d are CC 0}, g CC 57 a;d. We integrate these
d’.d

data channels as variables of type natural number: DB, 4 = (d bé, dre o db’, 4 )

and integrate these control channels as variables of predefined type control buffer:

d’.d .
CBira = ( cbi,, 4»----¢b%, ;). We denote the subscenario set @] belongs to each
scenario s as 7.

Definition 4.3 (The IMC semantics of function module) The IMC semantics of the
function module in detector d is described by the following IML expressions:

FPy ( DBy,aCBa,a PBky.as - DBk .a "PBay,aCBay.a>s - sPBa; ,a,CBa; .a ) =
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— s .
E reqs . FPd( 'DBd’d,CBdgd,'DBkl s 7DBkn1.d 7D3d1 ,d:CBdl s e 9DBdi,d7CBdi d ) .
SESy

. d;.d
1 .
lf leby 41>0 A leby d |>0/\ * Aleb i,d|>0/\"‘/\|bet,-,’d >0 A
d; .d
: - 1 i z4idy '
ﬁmdcb ) Xxxfirst(cb d )x XﬁGKdend)X Xﬁ“Kde,d )=s, SESK (45)

+ Z Z producey, .FDg (-, @bl, ;4R 0L, )soes@bi 4R (02F 1)), - )
k'elky,....k;m} S'E€Sys

(4.6)
’ d'.d d'.d
+ producey, .FDg4 (- ,@dbl, +R (0i}, )),....db% *“+R2 (0i) ),
d d’d T ar\%ara d’.d da’'\°a’.d
d’E{d],...,di} a)/EQd/
d'.d
([t (ocd/ D1Hebl, (118 (ocd/ a )]+Fcbz a ) (4.7)
FP;( DBa,aCBa,a PBky.as - DBk .a "PBay,a,CBay.as - sPBa; .a,CBa; .a ) =

E w -pr( DBa,a:CBa,a,PBxky,as - sPBkp.a 'PBay,aCBay.a> - PBa;,a,CBa;.a ) (4.8)

5
wey

FPZ( DBy.a.CBa.a- DBk, .d+ - DBip.a DBy aCBay .y DBy aCBay.a ) =
@ producel .FPy ((dbl ,~RZGY ,)+RG ik ), (b —RO SRS (0135 ),
tail(chy 4. tail(eh3 ). (db) —Rg;(i,gl,d)),...,(db;glk}f—Rw(ig""d)) ---,(db,im’d—R“’(i,im D)
(dbm; —R“’(zkkmdd))(db d—RGGY ), (dbY, ld —R“’(zd P “)).tail (cbl )
tail(cbdl.(; ), .- ((dbdm d—Rﬁj(iﬁyL’d)) (dbdmd —Rg;(id " )),tan(cbl @)wemotail (cby dm d))
if  dbl ,=ROG) A ndby > Rw(zxdd)/\dbkl dZRG G A ndb L S RE d)/\
A+ Adb} d>Rw(1 N AdbRmd s Re i km d)/\dbdl d>Rw(z DA

naby RGO AdbY 2R nendby = RGN (4.9)

+ Z Z produce?, FDE (- @bl 4R 0L D@ + R 03 ) )
k'elky,....km} s €Sy

(4.10)

/ . 7. .yd.d
+ Z Z producely, .FDG (- , @b}, ,+R /(oigl,_d)),...,(dbd,d +RY (013, ;)
d'eld,...di} o' €Qy

(112 (0ck, )I+rebl, e (112 (0cz ) 1rebzs ), -+ ) (4.11)

In these IML expressions, the variables db!, , ... d bx(y ) represent the current status
(number of data tokens) of the corresponding data channels from a process p’ to d,

. d’.d . .
and the variables cbl, ,,...,cb?, 7 represent the current status (scenario string) of
d’.d d,da TeP g
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the corresponding control channels from a detector d’ to d. Initially the detector d can
have three possible kinds of actions.

1. As soon as each control channel, which is connected with d’s control port, is not
empty, d can start to determine the needed subscenario for its coming firing.
It first determines the scenario which is to be sent to the scenario-specification
module, the scenario is just the value sequence of the first scenario token of each
control channel: first(cby ;) x:- -xfirst(cbf::ld) = s € S;. Then d sends a signal
with the scenario information s to the scenario-specification module with the
request of the subscenario (expression [4.5). The scenario-specification module
returns with the subscenario(s) to the function module. The function module
stores the subscenario and moves on to the expression FPJ(---) (expression|4.8).
This can be seen as the equivalent semantic part to the “detect(d)” transition in
TPS semantics of SADE.

2. If d has received a synchronization signal from its successor processes, it must
modify the variables correspondingly. In our example, if d has received a
producey, signal from kernel k’, then d knows k' has finished its firing and then

d checks the functions R (o}, ) Ry (ozf( C}d). These functions return the in-
formation of how many tokens d need to be added to the corresponding data
channels, and d modifies the variable dby 4 accordingly (expression[4.6)).

3. The synchronization signals from successor detectors of d follow the same way

but extended with the variables cb;,, dr cbf; a’ld are of type a control buffer
and the result is a string of scenario values. This string of scenario values is con-
catenated with the end of the control buffer by using the operator .

The expression FPJ(---), which bears the w subscenario needed for later firing, starts

to determine the data-token availability of each data channel, i.e. the data channels
km.d

di.d . .. .
DCkl1 g DCE" ,DCy ;.- ,DC;[ ; - The data-token availability is to be

checked with the aid of the functions R (i ,;1’ a) - RGG ;j;;d). If the data tokens
are enough for the subscenario w in all these data channels, d starts to fire. We
assume the execution time of d in subscenario  is a random variable governed by
an exponential distribution and characterized by the rate A%. Recall that the generic
discrete execution time distributions in original SADF specification is now replaced by
the rate A% = 1/e%, where ¢ = (P(E% = e1)-e1 + -+ + P(E2 = ¢,) - €x), where
ei,...,en, which represent a exponentially distributed delay with a mean duration of
e time units. The Markovian transitions in IMC can be seen as the corresponding
part of time transitions TPS semantics. After d finished its firing, d starts to consume
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and produce data tokens and scenario tokens in each data/control channels, which
connect with it. Since d itself has the variables representing the status of each channel
which connect d with its predecessor processes, this is done by moditfying the variables
using the predefined functions on the corresponding data types. The status of channels,
which are connected through the output port of d, needs to be modified by sending a
synchronization signal “produce”, which means to the successor processes of d, that d
has finished its firing in subscenario w, and modify the status of corresponding control
buffers according to the R (0) function. This is equivalent to the “end(d)” transitions
in TPS semantics. After d has determined the subscenario w for later execution, FP7
need also to allow the synchronization signals from its predecessor processes to modify

the status of the channels (expression [4.10} [4.11).

Note that the sequential transitions reqs and , A% and producey are seen as atomic, i.e.,
between these transitions, there are no produce synchronization requests from other
processes allowed. The reason that no other transitions can interrupt the transitions
between reqs and w is the request for subscenario costs no time, it is assumed these
transition are internal transitions and happens instantaneously. The Markovian tran-
sition A4 and interactive transition producey are also non-divisible, since the channel
status modifications on each channel should happen directly after d’s firing.

Now we can get our whole IMC semantics /4 of detector d as follows:

Ig = D ('DBdAdaCBd,da'DBkl,dsm DBy ,a sPBay,aCBay.a>s - PBa; .a,CBa; .a ) =

(FPd (DBd,daCBd,daDBkl.d, 9DBkm,d :DBdl,daCBdl,ds sDBdi.d,CBdi d ) HAd SPd ) \ Ad

where Ag = {req, | s € Sz} U Q.

4.1.4 The Semantics of Kernels

Kernels are the functional components in SADF, they represent the data processing part
of a streaming application. Different from detectors, kernels do not have a set of sub-
scenarios and can determine directly the scenario needed for the coming firing from
the value of the first scenario-token in each control ports. Note that for every process
p, the function R}, (c) = 1, for every control port ¢ € C, and every s belongs to the
(sub)scenario set of p. Here, the way to identify the channels and ports is the same as
the case in the detector. Therefore, a general form of kernel is shown in Figure

Definition 4.4 (The IMC Semantics of Kernels) The IMC semantics of a kernel in a
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dii

km—H ¢ kn
Figure 4.10: A general form of kernels

SADF graph is described by the following IML expressions:

K (DBk,k,DBkl.k, o sDBiyy ik sDBay k:CBay ks - sDBa; k,CBa; k ) =

S .
E K (DBk,kaDBkl,ka < sDBiyy k sPBay k:CBay ks -+ sDBa; .k ,CBa; .k ) .

SESy

. dy .k dj .k
if lebl, x>0 A leb T 1=0 A= Aleb)y 4[>0 A=A leb. " [>0 A

dy.k . . di .k
ﬁrst(cb;,l_k)x...xfirst(cbglfk )x---xﬁrst(cbclli.k)X~~~Xf|rst(cbf]l_.'k )=s, SESk

4 7
+ )Y producey, K (- . (@b, +RY 0L )b

k'elky,....km} s €Sy

+ Z Z producey, .K(--- ,(db(lt,,’k—f-RZ’,(oial,,!k)),...,(dbz,di

d’e{dy,....d;} w€Qyr

d’ .k
(L9 (ock, D 1Hebl, ), (125 (0c5; ) 1+ch

S .
K (DBk.k,DBkl,k, < sDBiyy ik sDBay k:CBay ks - sDPBa; k,CBa; .k ) =

/7

k d
. w . ayd’s
P +Rd’(0’d’,k

k' k
RO ) )

k
),

(4.12)

(4.13)

(4.14)
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% -producey .K ((db} —R} (i,g OFREOL ), (dbE =R G+ RE 07,
K1k km & ok

m.k

(db,ll,k—R,i(illl,k)),---,(db" Rs(k1 k )), (db,  —REGE D)) (dBE T —REGE ),

(dbY (—RLGY 1)), s(db) @k R,i(i ))tail(cb‘lj )etail (b,

ydm .k
(@) —REGE) ) (dbY RY(zdmk ))stail (b, )s...tail (cb dm"))

if dbl=RyGE A AdBRF = REGRFINGDE (= RYGE A Adb Y S RE G

A Ndbh  ZRUGE DA AR > RE (K k)/\dbdl k_RS (zdl DA

ydl'k s ;Y K S (7 y K S (7
ndb) sz(zdl’k )/\"'/\dbd_!kZRk(ldi!k)/\.../\dbd,k sz(l , )
7
+ Z Z producey, .K*(-++ , @b}, ,+R (0}, ... (b} +R3,(ok,k ), -
k'elky,....km} s €Sy
d’ .k d’ k
+ Z Z producey, .Ks(--- L (dbY, (ARG (0}, ), (db), [ +RE (0, ),
d’E{d],...,d,'}a)EQd/
([l (OCd/ k)]'H—de/k)a"'r([t (ocd’k )]'H_Cb ’k )9 )
. . . km .k
In IML we define a kernel as an expression with variables db,l o ,db,fmmk ,
di k I k
db! dik ,db’ 4k 3 natural numbers and variables ch! didr d % as control

buffers. These variables represent the status of the correspondmg channels The op-
erations on data type control buffer are described in section[4.1.2] The expression K has
three possible kinds of actions:

1. If the status of the channels satisfies the prerequisite to fire, i.e., the ker-
nel has determined the scenario s for subsequent firing from control chan-

nels CC!

gk
nel DCklk, .. DC,fk",’(k,DCd P DC; & * for the scenario s, the kernel k
starts to fire (expressmn [4.12). The execution time of d is described by a delay
governed by an exponential distribution which is characterized by the rate A}.
We obtain the rates for kernels from the generic execution time distribution in
original SADF specification in the same way as the detectors. Directly after the
execution, the kernel k sends a synchronization signal to the related processes
km+1s....kn.diy1,....d; to modify their channel status and also the variables
present the corresponding channel status in k are changed (expression |4.15)).

,CcC Zd;('k and the data tokens are adequate in each data chan-

2. The kernel k may also receive the synchronization signals from k1, .. ., k,, that
request to modify the corresponding channel status before and after it has deter-
mined the scenario, in which it is going to operate. (expression 4.16)).

(4.15)

)

(4.16)

(4.17)
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3. The kernel k receives the synchronization signals from dy, ..., d;, and changes
the status of corresponding control channel before and after d has determined the
scenario, in which it is going to operate (expression [4.17). These transition-
meanings are identical with the definition in detectors.

Lemma 4.1 The kernels belong to a subset of detectors. In other words, a kernel k is a
detector dy. has following form:

o di does not connect with any control channels through its output ports, and the
input ports and control ports are identical with k,

o the scenario set and subscenario set are identical to the scenario set of k: Qq4, =
Sdk = Sk’

o the a set of { (Ssk,tflk,Pfik,q);k) | s € Sk }, where Sfik = S, =
S. P (S,8) =1,95 (S) =5,
k k

« the rate function of di: Ry is identical with the Ry function in k for all input ports
and output ports belong to dy,

o the function E7 and the probabilistic distribution P(Eg = e) on the samples in
Ey are also identical with the functions E; and P(E} = e) in k.

An illustration of the (Sy, , vy Py . @, ) of scenario s € Sy is shown in following figure:

start — | CD;,C (S)=s

4.2 'The IMC Semantics of an SADF Graph

To define the IMC semantics of a given SADF graph, our idea is to gradually add the
processes into the current generated IMC which represents the partial SADF graph,
until the whole SADF graph is obtained.
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Different from compositional aggregation approach, the ordering to involve the com-
ponents is irrelevant here if we generate the system directly. But the synchronization set
of parallel composition should be different if the ordering changes.

Now we show how to get the IMC of partial SADF graph by using parallel composition.
Assume we have two IMCs Z,,, and Z,,, to represent the processes py and p, respec-
tively, then the IMC for the partial SADF graph with only p, and p, can be defined as
Ty |laZp,,where Aisthe action set that the both IMCs are forced to perform simultane-
ously (recall that this rule of parallel composition in IMC is similar to TCSP [21]). Recall
that the action sets of p, and p, are denoted as Act,, and Act,, respectively. Then the
synchronization sets A between process py and py is defined as A = Act,, N Act,,.
Now we add the processes into the current generated IMC one by one until no process
in the SADF graph is left, then we hide all actions used for synchronization. Assume we
have now an IMC represent a partial SADF graph with a set of processes {p1, ..., pn},
then we pick one process py 1 which are not in the partial SADF and use parallel com-
position to involve this process into our partial SADF graph to form a new one.

Assume we have already construct an IMC represents a partial graph of SADF with the
following form:

Ip, HA, Ip, ” ”AN_l Ipy

Now we add the IMC of process p; +1 into our obtained partial SADF graph, then IMC
need to parallel composed with the IMC of process p;+; and with a new synchroniza-
tion set A;. The resulting IMC has the form:

(Ipl ”Al Ip, H HAN,IIPN) ”AN Tpy i

where Ay = Actpy,, N (Acty, U---U Actpy).

Return to the initial channel status in SADE, we recall that the initial data channel
status is determined by the function ¢* : B; — IN and the initial control channel
status by the function ¥* : B, — Ucep, XF. We can simply translate the ini-
tial status into our definition by assigning values to the according channel variables
in IML expressions. For instance, if we have a data channel DC,, ,, and with the ini-
tial function that ¢*(DC), ,,) = n € N, then in the definition of process p,, the
initial value of variable of DC,, ,, is assigned to n. Similar is the case of initial con-
trol channel status. Then the IML expressions of a process p should have this form:

I, = P(¢*("'),"' JOFC ) ), e ,w*(...))_

Now we demonstrate the IMC semantics of SADF with an example shown in Figure[4.11]
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Example 4.3 The SADP specification is shown in Figure|4.11] The SADF graph with two
kernels A, B and one detector D is illustrated in the upper right. In the bottom right is
the Markov chain associate with detector D for determination of subscenarios. On the
right side is the function table of execution times and rates. And the initial channel status
(initial data tokens and scenario strings) is represented as red points.

The semantics of the SADF specification of Example4.3|is defined as follows:

S = (L ”Gl Ly ”Gzzd) \ H
where 1, = A (db} ,=0,cb} ,=[1)
I, = B (dbclz,b=2’Cbzll.b=[])
Zg = D (ab} ,=1)
G1 = G, = H = {produce) | x € {a,b,d},y € {s.}}.

Process | A% AL ports R% R |t t]
e 1 1 |s T
D 0.0490 0.1 0d.b 1 1 S T
oaa 1 1S T
Process | A AL ports R} R}
Og.b 2 0
A 00347 - iha 1 0
Cd.a 1 1
Process | A} Al ports R} Rj 2
s 2 0
Ob.a 1 0
B |0.0588 0.0313 start —{ S
Ob,d 1 1
Cd.b 1 1

Figure 4.11: An SADF graph with its execution time distribution
function and the rates of processes

The IMC of kernel A (for B analogously) is defined as an expression in IML as follows:

A (db},,a,cbj,,a ) = 0.0347 .produce, .A ((dbllj'a—l),tail(cb}j_u)) :
if first(cb}i’a) =5 A dbg,a > 1
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+produce], . A (db} ,.(ailcd) )
if first(chy,) =T
+producey .A ( (@b} ,. ([s:icb} 1))
+producel; .A ( @b} . (lt:cb} 1))
+produce;, .A (((dbba-i-l),cbl ))
(

+producey, .A ((db} ,.cb} )
The IMC of detector D is defined as an expression in IML

1;, = FDy (dbl],!d=1) ”Ad SP;D,

where FDy ( db), ) is defined by the way that definition describes, Ag =
{req.,.s, 1}, and the SP;D is illustrated in Figure

W=

- ——————

1

T

Y

C rede , @

Figure 4.12: The IMC of SP;”

The generated IMC of this example is shown in Figure
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4.3 'The Non-determinism and Properties in the result-
ing IMC

If we have constructed an IMC of an SADF graph according to the aforementioned
approach, the IMC we obtain is obviously a closed IMC, i.e., all the actions in the re-
sulting IMC are internal actions and these actions cannot be delayed, because the IMC
has no actions to synchronize with other actions from external environment outside
the SADF graph. On the other hand, in the resulting IMC, the transitions can be only
probabilistic transitions, t-transitions or Markovian transitions, since the action set A
for hiding contains all actions in the resulting IMC. Furthermore, after generation of
the whole IMC, applying stochastic branching bisimulation on the IMC should give us
a minimized IMC.

As pointed out by [19], stochastic branching bisimulation facilitates to resolve the non-
determinism in IMC, if any outcome of the non-deterministic choice leads to the same
class of behaviors. In many cases of our SADF models, the minimized IMC by ap-
plying stochastic branching bisimulation has no z-transition anymore, i.e. the non-
determinism in the IMC after reducing is resolved. We discuss some situations about
non-determinism in our IMC model in comparison with the non-determinism in the
original TPS semantics of SADF. Note that after we have generated our IMC of an
SADF graph, only three kinds of transitions are left: probabilistic transitions, internal
T-transitions, and Markovian transitions. Probabilistic transitions are labeled together
with its process name, i.e. with the form of (d, pg;) (d is the process this probabilistic
transition belongs to, i is the index of this probabilistic transition in the process d).
Here we adopt this form of transitions to represent the reactive model of probabilistic
processes [44]. According to the IML definition, the probabilistic transitions have this
form: Prob%~"), where d is the detector name, Prob indicates this is a probabilistic
transition (note that IML does not support any probabilistic transitions, we first treat
the transitions as normal transitions labelled with “Prob”), and (w, x, y) is the index
(identifier) of the probabilistic transition means this probabilistic transition belongs to
detector d, and is the transition from state x to y in Markov chain associated with sub-
scenario w. Latter the real probabilistic information will be added by replacing this label
with the corresponding probability.

Some observations. In following discussion, we first distinguish two assumptions de-
fined in process algebra [36].

Maximal progress The internal interactive transitions take precedence over Marko-
vian transitions.
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Action urgency  Markovian transitions can only happen when there is no other tran-
sitions than Markovian transitions can happen.

If we have only maximal progress assumption on the resulting IMC, there exists a non-
deterministic choice in the IMC between probabilistic transitions and Markovian tran-
sitions. The maximal progress only resolve the conflict between t-transitions (transi-
tions labelled with produce) and Markovian transitions, i.e., the actions to modify the
status of channels (also indicate the finalizing the firing of processes) is prioritized over
advancing time. This assumption matches the original TPS semantics in [42] that re-
quests the time transition can happen when no end action transitions are enabled. This
non-determinism can be resolved by a scheduler, which has an impact on the metrics
like throughput and buffer occupancy. Hence, in following discussion, we will concen-
trate on the IMC in which the action urgency assumption is applied, i.e., we assume the
probabilistic transitions should happen instantaneously, because that making a decision
of probabilistic choices costs no time. Since only three kinds of transitions are present
in the resulting IMC,, the action urgency makes sure that the Markovian transitions are
postponed to some state where probabilistic transitions and internal interactive transi-
tions can not happen any more.

Here, we call a process in SADF model is ready-to-execute when the process has deter-
mined the execution (sub)scenario and the data tokens in each corresponding channels
are enough for firing. We assume the execution time (if not zero) of this process is
modeled by a exponentially distributed delay characterized by the rate A (or p).

1. Ready-to-execute processes conflict (Figure Assume we have two or more
processes are ready-to-execute at the same time and can perform their (Markovian)
transitions. Recall that from we have a resulting IMC shown in Figure If
the transitions were treated as normal transitions, after the processes are parallel com-
posed (interleaving), the non-determinism would occur. In the case of Markovian tran-
sitions, the IMC we obtained has the same form like the normal transitions [27] due to
the expansion law is hold for exponential distribution, but with a different meaning. In
the example of Figure after parallel composition of two ready-to-execute pro-
cesses, first to take the Markovian transition A or  is not non-deterministic. From [20],
we know the probability that the Markovian transition with rate A happens earlier than
the Markovian transition with rate u within time d is ﬁ and similarly the probability
that the Markovian transition with rate u happens earlier than the Markovian transi-
tion with rate p within time d is ﬁ Note that, even two processes have the same rate
in both Markovian transitions (i.e., they have the same mean time of firing), they will
not finish their firings at the same time, since the firing time is modeled as a random
variable which is exponentially distributed. In the TPS semantics of SADE, if two or
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Figure 4.13: Non-determinism in IMC model of SADF specification
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more processes have the same remaining firing time, non-determinism arises between
the end action transitions of these processes. This kind of non-determinism does not
exist in IMC semantics. On the other hand, in the IMC semantics of SADE, if two or
more processes are ready-to-execute and the firings of all these processes cost no time,
the way to resolve the non-determinism (i.e. the scheduler) to may affect certain per-
formance metrics like max buffer occupancy. This problem is discussed further on in
this section.

2. The conflict between normal transitions and Markovian transitions (Figure|4.13(b))
These conflicts are resolved by action urgency assumption. Since all the normal transi-
tions in our IMC model are used for synchronization, these transitions are hidden (turn
into r-transitions) after we generate the whole system. By the assumption of maximal
progress, the Markovian transitions are postponed if they are conflicting with the z-
transitions. The states and transitions reached by taking the Markovian transitions are
removed.

3. The conflict between probabilistic transitions and Markovian transitions (Fig-
ure These conflicts are resolved by action urgency assumption. If one process
can emanate a probabilistic transition and the other can first make a Markovian tran-
sition, they seem to conflict with making both transitions at the same time point after
parallel composition. But the probabilistic transition should happen instantaneously,
whereas the probability of Markovian transition to happen at once is zero. Conse-
quently, the probabilistic transitions in our IMC should take precedence over Marko-
vian transitions.

4. The conflict between normal transitions and probabilistic transitions (Fig-
ure In TPS and IMC semantics of SADE, the end actions and produce actions
are used to modify the status of channels respectively. In IMC semantics, if all pro-
cesses in all their (sub)scenarios need some time greater than zero to finish their fir-
ings, due to action urgency assumption, only one produce transition (after hiding as
T-transition) can happen between two successive Markovian transitions. The multiple
produce transitions can only happen between two successive Markovian transitions, if
the produce transition following the Markovian transition enables some processes cost
no time to finish their firings in their (sub)scenarios. This situation is illustrated by
the Figure and in this figure a non-deterministic choice between two normal
transitions a, b (in the IMC semantics of SADF can be seen as two different produce
actions) and a probabilistic transition (d, p) exists. It is also analogous if we have mul-
tiple probabilistic transitions. If we hide a and b actions, after (stochastic) branching
bisimulation, only the probabilistic transition are left. The non-determinism is resolved
by (stochastic) branching bisimulation. One issue reveals here is the IMC is not state-
oriented but behavior-oriented [24] and the states in IMC is not revelent. This property



70 Chapter 4. The IMC Semantics of SADF

of IMC has an impact on some performance metrics in SADE, e.g., if we want to know
the max buffer occupancy in SADE Recall that the status (the current tokens) of a chan-
nel is modeled in IMC as variables integrated in the processes. Let us consider a simple
SADF shown in following figure:

In this SADF graph, if both firings of kernel A and B in their scenarios cost no time,
there will be a non-deterministic choice between produce 4 and producep. If produce 4
happens first , the maximal buffer occupancy in DCy g is 2 (i.e., the data value of
D C 4, p integrated in the state is 2) and the maximal buffer occupancy is 1. If producep
happens first, then D Cp_4 has a maximal buffer occupancy of 2 and D Cy4_p has a max-
imal buffer occupancy of 1. Therefore, the way to resolve the non-determinism has an
impact on the maximal buffer occupancy distribution. In our case, this differences of
states are not distinguished. Furthermore, the channel status integrated in the process
as variable is only visible, when we show the value of the variable integrated into an
additional action. To investigate such properties in SADF graph, we need other tech-
niques.

5. The conflict between probabilistic transitions (Figure[4.14) The complex situation oc-
curs if there are more than one process can make probabilistic choice at the same point
in the SADF specification. In our model, if we parallel compose with such processes, we
should have a reactive model of probabilistic process [44]. From the discussion above,
we know that the conflict between normal transitions and probabilistic transitions is
solved by branching bisimulation and only probabilistic transitions are left. So, we only
discuss the conflicts between probabilistic transitions. Fortunately, the order of choos-
ing which process happens first does not influence probability to reach the states (cf.
Figure [4.14)). First, we know the Markovian transitions are postponed to some states
where no t-transitions and probabilistic transitions can happen any more (due to ac-
tion urgency), and the transitions between two successive Markovian transition cost no
time (contains no information of time). In Figure we assume the points colored
with red, blue, yellow and green are the states where no probabilistic and normal tran-
sitions are possible, and no t-transitions are left due to branching bisimulation. From
this figure, we can see that the probabilities to reach these states does not depend on
the choice of which detector d or d’ goes first, we reach the same state with the same
probability. This phenomenon also matches the diamond property in TPS semantics of
SADF introduced in Section Based on this property, we can set the priority on
processes intentionally to resolve the non-determinism, for instance, in Figure we
may set either d goes first or d’ goes first after we have generate the IMC model.
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To sum up, from TPS semantics of SADE, many long-run average metrics of an SADF are
not affected by the scheduler used for resolving non-determinism. This is also valid in
our IMC semantics of SADE First the action urgency assumption postpones the Marko-
vian transitions to the states, where no synchronization and probabilistic choice action
is possible. This means that between two successive Markovian transition, no temporal
information is contained, and the probabilistic transitions and synchronization transi-
tions has only divided the states where only the next Markovian transitions can hap-
pen, into certain equivalent classes. Then we have shown such classes are not affected
by synchronization actions but by probabilistic choices (the conflict between normal
transition and probabilistic transitions). After that, the diamond property assures the
scheduler to resolve the non-determinism will not affect on the reachability of each
equivalent class and leaves the temporal properties of IMC untouched. This observa-
tion matches the long-run equivalence in [41].

4.3.1 Infinite System caused by Non-determinism

Figure 4.15: Non-determinism may cause unbounded system in our IMC model

In SADF graph, the circular dependency of components makes sure that the resulting
semantic model is bounded. But in our IMC model, if the original SADF is untimed, an
infinite system may be caused by the parallel composition of the components that are
not strongly connected, which violates the circular dependency. Figure illustrates
such an SADF graph with this issue. This SADF graph is an example of the MPEG-4
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decoder but with only one scenario Py. The channels with rate O at their input ports
and output ports are simply removed here, and the firings of all processes cost zero (no)
time. The zero execution time of processes leads to a non-deterministic choice if at the
same time point two or more processes are ready-to-execute. Note that, if a process cost
some time to finish its firing, there must be a Markovian transition (with rate A) between

. o . . o A B .
the transitions used for synchronization with this form: (- -+ —==— ---). Since the
firing of processes cost no time, there will no such transitions (no Markovian transition

can express an immediately firing), to add a special interactive transition (e.g., like a

" execution p T . . . .
transition —— ) to indicate a process’s zero-time execution is also not an option

here, since this complicates the system and such transitions will be hidden finally. Now,
we simulate to generate the IMC of this SADF model. Since there is no scenario tokens
in any control channels in the SADE, the only possibility is the FD starts to execute (one
data token is available in DC,, r4) and then it consumes the data token and produces
one scenario token Py to each control channel which are connected with its output ports
(i.e. CCrawia> CCrajidct> CCfames CCra re). Now, the kernels VLD, IDCT, MC are
all ready-to-execute, since all their execution time is zero. A non-deterministic choice
exists now among these three processes.

Assume we let MC to fire first rather than VLD and IDCT, and direct after MC'’s firing,
MC produces one data token into the channel D C,,. ;. and consumes the data token in
channel DC; ;. (the production and consumption of data tokens cost also no time),
and then VLD, IDCT, RC are ready-to-execute. Again, all the processes VLD, IDCT, RC
cost zero time to execute, and a non-deterministic choice appears here. Now, we unfairly
let RC fire before VLD, IDCT again, then after RC’s firing, it produces directly one data
token to D Cy¢ e and consumes the data token in D Cyc r.. Now VLD, IDCT, FD are
all ready-to-execute, and again we let FD to fire before VLD, IDCT and the competition
between the two processes VLD, IDCT and the three processes FD, MC, RC repeats. As
a result, if we always suppress the firing of VLD and IDCT, then the three processes FD,
MC and RC form an execution circle. Now we observe at the status of control channels
CC4qpia and CC g e in this unfair situation: after every execution loop of the three
processes FD, MC and RC, the detector FD will produce one scenario token Py to all
control channels including CC g4 414 and CCyg igac.. However, VLD and IDCT have
never the chance to consume these control tokens due to the suppression. Therefore, the
channels CC r4 414 and CC f4 jqc: collect the control tokens produced by FD infinitely.
To solve this problem, we can manually set that the kernel RC as the last process of each
execution “loop” among all these processes, i.e., we manually let the VLD, IDCT to
synchronize RC with a additional execution end action indicating RC ’s finish of firing
in scenario Py. This assumption guarantees the processes VLD, IDCT, MC and RC
consume the scenario tokens from their control channels at the same pace, and the
system becomes never infinite.
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Chapter 5

State Space Generation, Analysis of
IMC and Case Studies

In Chapter|[4} we presented a framework to define the IMC semantics using IML expres-
sions for every component in an SADF specification. As we can see, the IML expres-
sions only define the possible behaviors of components, but for the generation of the
IMC model, we exploit the Capp (Construction and Analysis of Distributed Process)
toolset developed by the VASY team at INRIA Rhone-Alpes. The CaDP toolset allows
us not only to generate the IMC model by giving the IML expressions, but also provides
tools to analyze the generated model qualitatively and quantitatively [14]. The strength
of IMC is the integration of stochastic behavior into the framework of process algebra,
which allows to check both functional properties and temporal properties. The CADP
toolbox provides a mature solution covering the three phases of model checking: state
space generation, state space minimization, functional and numerical analysis.

5.1 Overview of CADP toolbox

Figure|5.1shows us the mainly used tools in CADP in our case.

System behavior description. Our first step is to translate the IML expressions into the
system specification language Lotos in Capp. From Chapter 2, we know that in the
IMC, the stochastic and interactive transitions are strictly separated. On the one hand,
this separation facilitates a clear semantical model [19], on the other hand, this makes
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Figure 5.1: The mainly used tools of CADP in our case

IMC also compatible with most existing process algebras without additional syntactic
and semantic modifications [14]. Therefore, CApP did not develop new tools for IMC
but only extended its functionality with the support of Markovian transitions. CADP
adopts the process algebra LoTos for processf]| specification. LoTos is an Iso stan-
dardized Formal Description Technique and widely used for the specification of large
concurrent systems. In LoTos, two sub-languages are used for system specification: the
abstract data type language AcTt ONE for the data algebraic part, and a process algebra
based on combination of CCS and CSP for the control part. The translation from IML
to LoTos is described in Section [5.2]

"The definitions of process are used both in SADF specification and in process algebras and have
different meanings. To distinguish the process definition, the process defined in process algebra is written
as “process”.
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State space generation. Our next step is to generate the state space of our IMC model.
This is done by the tools C&sAR and C&£sAR.ADT. The tools C&SAR.ADT and C&£ASR
compile the data part and the control part of LoTos to C code respectively. CESAR is
responsible for generating the LTS according to our given LoTos specification. The ob-
tained LTS is encoded in the BcG (sometimes also AuT) format and then can be used
for further analysis or minimization. If our model is an IMC rather than an LTS, we
need to turn the LTS into the corresponding IMC. In the generated LTS, the Markovian
transitions or the probabilistic transitions are only treated as normal labelled transi-
tions without any synchronization capabilities. To turn the LTS into IMC, we employ
the Bcg_LABEL tool of Capp, which can replace these normal labelled transitions with
Markovian transitions or probabilistic transitions and adds the rate/probabilistic infor-
mation into the transitions.

State space minimization. For state space minimization, we employ the Bcc_MIiN tool.
In Chapter2} we introduced several equivalence notions on IMCs, e.g., strong bisimu-
lation, weak bisimulation and stochastic branching bisimulation. The Bcc_Min tool in
CaDpP supports the these minimization techniques on the generated state space of IMC.
The tool Bcc_MIN accepts the following three kinds of (extended) LTS in BcG graph
format and does the minimization based on the modulo bisimulation equivalence.

e normal LTS;

o probabilistic LTS, whose transitions may have the following three forms:

a o, .
- — :anormal transition a ,

_ - probabilistic transition with a probability p € (0, 1],

(a,p)
- --2%% . 4 transition labelled by the couple (a, p).

The last form can represent the different models, i.e. reactive, generative and strat-
ified models of probabilistic processes introduced in [44]. We will see later we
adopt reactive model of probabilistic transitions in our IMC model;

o stochastic LTS, whose transitions are similar as in the probabilistic case, with the
probability p is replaced by a rate A (a positive real number).

Functional verification. For functional verification, we use the AcTL Logic [35] imple-
mented by XTL Language in CADP toolset. ACTL is an action-based temporal logic, and
especially appropriate for the behavior-oriented specifications.
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Performance evaluation. The two tools BcG_STEADY and BcG_TRANSIENT can do per-
formance analysis on (extended) CTMCs or DTMCs. For each state of a given CTMC
or DTMC, the tool BcG_STEADY computes the probability to be in that state on the long
run based on a Gauss-Seidel algorithm. The tool BcG_TRANSIENT computes the transi-
tion probability distribution of a given (extended) CTMC or DTMC at user-given time
instances based on the uniformization algorithm and the Fox-Glynn method [14]]. Be-
yond this, both tools can also compute the transient and steady transition throughputs.
These (labelled) transition throughputs are computed as follows: for each occurring
of a transition labelled with "x", all Markov transitions "x; rate %f" are collected in a
weighted sum, where the respective %f value is weighted with the transient (or steady)

probability of the tangible source state of this transition.

5.2 Generation of IMC models

To generate the IMC models, we translate the IML expression into two parts, the data
part and the control part. In the data part, the data types used in the control part are
(pre)defined. In the control part, the behavior of system are formally defined by using
LoTos like other process algebras.

5.2.1 Definition of data types

To generate the IMC of an SADF graph from the definition in Chapter |4, we need to
translate our IML expressions into LoTos. The first step is to define our data types by
using the formal algebraic specification language Act ONE. We define here two data
types, i.e., scenario token and control buffer. Since the data channel in SADF is treated as
natural number (a counter), which is predefined in CADP, we just use it by a declaration.
Since the basic data type boolean is also needed in our definition, we include again the
boolean data type in front of our definition.

The data type SCENARIO_TOKEN consists of the definitions of sorts, operations (opns),
and equations (eqns). A sort is a set of values. In our case, we have only one sort called
the Scenario_Token. Then the values (e.g. S, T, and default) of sort Scenario_Token
are defined as constructors (basic elements) in the operation part. Further, a function
called eqt is also declared in the operation part to compare the values of (sub)scenario
tokens. This function is defined in the eqns section, which takes two scenario tokens as
arguments and returns “true” if the two scenario tokens are identical, and otherwise it
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returns “false”. A fragment of the Act ONE definition of SCENARIO_TOKEN is shown in
Figure|5.2l Now we define the data type of control buffer. In Chapter |4, we introduced

type SCENARIO_TOKEN is Boolean
sorts Scenario_Token

opns
S (x! constructor *),
T (%! constructor x),
default (*! constructor *) :-> Scenario_Token
_ eqt _ : Scenario_Token, Scenario_Token -> Bool
eqns

forall x:Scenario_Token, y:Scenario_Token
ofsort Bool

X eqt x

X eqt y

true;
false;

endtype

Figure 5.2: A definition fragment of data type SCENARIO_TOKEN

some functions in the control bufter informally, and now we define the functions by
using AcT ONE. The first line says that the functions in data type CONTROL_BUFFER can
return values in data types boolean, SCENARIO_TOKEN, and natural numbers. The only
sort in the control buffer is called Control_Buffer (lists of sort Scenario_Tokens)
and consists of two constructors: Nil and Produce. Nil is the bottom symbol of a con-
trol buffer and represents an empty control buffer. The elementary constructor Produce
is used to add values of scenario tokens to the front of the control buffer, and is de-
fined as a function, which takes a value of data type Scenario_Token and a list of
Scenario_Tokens as argument and returns the new list of Scenario_Tokens. Also
a function Batch_Prod is defined, this function is used, if we need to add several sce-
nario tokens of the same value into the list. This function takes three arguments: the
value of Scenario_Token, a natural number (how many tokens to be added), and the
list of Scenario_Tokens, then it returns the new resulting list of Scenario_Tokens.
The Consume function is used to remove the topmost scenario token of the list.

5.2.2 Definition of Control Part

The process algebra LoTos is standardized by Iso and based on CCS and CSP. The se-
mantics of parallel composition in LoTos has the same form in CSP, which forces the
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type CONTROL_BUFFER is Boolean, SCENARIO_TOKEN , Natural

sorts
Control_Buffer

opns
Nil (*! constructor *) : -> Control_Buffer
Produce (x! constructor *)

Scenario_Token ,Control_Buffer -> Control_Buffer
Batch_Prod : Scenario_Token ,Nat,Control_Buffer
-> Control_Buffer

Consume : Control_Buffer -> Control_Buffer

Empty : Control_Buffer -> Bool

First : Control_Buffer -> Scenario_Token

Last : Control_Buffer -> Scenario_Token
eqns

forall ST:Scenario_Token, CB:Control_Buffer, N:Nat
ofsort Control_Buffer
(* Consume (Nil) is not defined *)
Consume (Produce ( ST , Nil ) ) = Nil;
not (Empty (CB)) =>
Consume (Produce (ST, CB)) = Produce (ST, Consume (CB));
Batch_Prod (ST,0,CB)=CB;
Batch_Prod (ST,N,CB)=Batch_Prod (ST, (N-1),Produce(ST,CB));
ofsort Bool
Empty (Nil) = true;
Empty (Produce(ST,CB)) = false;
ofsort Scenario_Token
(x First (Nil) is not defined *)
First (Produce (ST, Nil)) = ST;
not (Empty (CB)) =>
First (Produce (ST, CB)) = First (CB);
(* Last (Nil) is not defined x*)
Last (Produce (ST,CB)) = ST;
endtype

Figure 5.3: A definition fragment of control buffer

actions to be synchronized if they are in the synchronization set. In IMC, the actions in
synchronization set between two behavior expressions are also forced to synchronize,
so we can translate our parallel composition operation in IMCs directly into Lotos. We
first introduce some basic terminologies in LoTos comparing with IMC and then the
basic operators in LoTos and their semantics.
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local process
definition
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Concept and Terminologies in LoTos

Process

The processes are the elementary components of a system. In our case, the kernels
and detectors are defined as processes in LoTos (cf. Figure[5.4). Also local pro-
cess definitions in a process are possible, for example, the process detector consists of
scenario-specification module and functional module, and both modules are defined as
processes. The process describes a certain functionality of a component. If we can
hide all the state transitions and interactions happened inside the process according to
a certain abstraction level, then the process can be seen as a black box leaving specific
interfaces to communicate/sychronize with other processes.

gates in
process D

process Dﬂpro_dl,pro_d2,pro_d3,Lambda_DS,Lambda_DT,Produce_B,Produce_DD process
noexit := instantiations
hide Req_sub,Subscenario in

(

‘FP[Lambda_DS,Lambda_DT,Produce_D,Produce_B,Req_sub,Subscenario](l of Nat)
| [Req_sub, Subscenario] |

SP_ddef [pro_d1l ,pro_d2,pro_d3,Req_sub,Subscenario]

)

where

process FP[Lambda_DS,Lambda_DT,Produce_D,Produce_B,Req_sub,Subscenario] (DB_b2d:Nat

:noexit :=
[behavior expression]

endproc

endproc
Figure 5.4: An excerpt of the definition of detector D
Events

The synchronization between processes is called an event. Therefore, events provide a
process the opportunity to communicate with its outside environment and to participate
a certain function task. Events between processes allow three kinds of synchronization:

o Pure synchronization. The processes to be synchronized are forced to make a tran-
sition together.

o Synchronization with value passing. If one process finishes its task with certain
parameter, this process can synchronize with another process and pass the pa-
rameter to the other process. In our case, the detector may finish its firing and
pass the determined scenario to the processes it controls.
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o Synchronization with value agreement. Two or more processes can agree with a
set of values during synchronization.

Gate

An event occurs at gate, and if the synchronization has no data exchange, the event
name is the same as the gate name. So, in basic LoTos, an observable action co-
incides with a gate name. In full Lotos, the gate can contain values of different
data types. For instance, in our example, the process of detector D may pro-
vide a gate named Produce_D together with a (sub)scenario token and synchronize
with other processes based on the value of (sub)scenario token, e.g. Produce_D
'S of Scenario_Token. The expression in IML produce}, is equivalent to the gate
Produce_D !S of Scenario_Token in LoTos. Another form of gate is Produce_D
78T : Scenario_Token. This kind of gate can be used, for instance, if another pro-
cess is waiting for detector D to synchronize with a set of values and then determines
its later behavior depending on the scenario values. The ST is a variable here and then is
assigned to the value of the scenario after synchronization, and the ? means the variable
is a value among the sort (set) Scenario_Token. It may also happen that the processes
at the both sides have this form of gate, then a gate with a certain set of value is allowed
to synchronize (synchronization with value agreement).

In the behavior expressions of processes, several possible operators are used. Here we
introduce some operators used in our case.

Sequentiality

The operator “ ; 7 in Lotos is called the action prefix. It is equivalent to the .
operator of IML. It is used to prefix an behavior expression with an gate (action), e.g., an
expression (action; B) in LoTos means the process executes the action and then behaves
like B. Several actions may associated sequential by using action prefix with this form
actiony;...;action,; B.

»

Choice

The choice operator “[]” has the same semantics as the choice operator “+” in IML. This
operator allows process to behave alternatively. An behavior expression By [] B, means
the system can behave either like a B; or like a B, but as soon as it enters the behavior
expression B or B,, the other one is discarded automatically.

Parallelism
For describing the parallelism of system, LoTos provide three operators, i.e., interleav-
ing, partial synchronization, full synchronization.
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>

Interleaving. 'The interleaving parallel compositional operator “ ||| ” is used to model
concurrency and allows processes to be parallel composed without any synchroniza-
tion. This operator is equivalent to “||g”.

Partial synchronization. The partial synchronization parallel composition operator is
denoted as “ | [< gates >]|” If the events occurring at the gates are listed in the set
“< gate >7, a synchronization behavior will happen, otherwise the events will inter-
leave. Note that the events (actions) in the synchronization set of IMC and LoTos are
“forced” to be synchronized.

Full synchronization. 'The full synchronization parallel composition operator is de-
noted in Lotos as “||”. The expression B; || B, means the gates occur in either behavior

expressions are forced to synchronize.

Termination
Loros provides two expressions to represent the behavior of termination. They are
“stop” and “exit” with following semantics:

1. stop represents an unsuccessful termination, i.e. inaction or a deadlock.

2. exit represents a successful termination of the system.

From IML to LoTos

Figure|s.5|shows an excerpt of the LoTos definition of the example in Figure[4.11] Com-
pared to our SADF semantics of this example in IML expressions, the IML expressions
intuitively translates into LoTos.

5.2.3 State space Generation

To generate the IMC model according to a given system behavior description, two ap-
proaches are available. The first approach is called “state space exploration”, which gen-
erates the state space straightforwardly. Most of time, this “brute force” technique suffers
from the well-known state explosion problem. Nowadays, more and more researchers
interest a new approach called “compositional minimization” or “compositional aggre-
gation”. The essential idea behind this approach is to construct the state space of the
system gradually. At the beginning, the system is decomposed into subsystems/com-
ponents, then we choose two components doing parallel composition on them to get
a partial system. This partial system is not immediately used to parallel compose with
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specification ABD[pro_1,pro_2,pro_3,Lambda_DS,Lambda_DT,Lambda_AS,Lambda_BS,Lambda_BT]: noexit
[data part]

behavior
(
D[pro_D1,pro_D2,pro_D3,Lambda_DS,Lambda_DT,Produce_D,Produce_B]
| [Produce_D ,Produce_B]|
(
A[Lambda_AS ,Produce_A ,Produce_B,Produce_D](0 of Nat,Nil of Control_Buffer)
| [Produce_A ,Produce_B,Produce_D]|
B[Lambda_BS,Lambda_BT,Produce_B,Produce_A ,Produce_D](2 of Nat,Nil of Control_Buffer)
)
)
where
[process definitions]
endspec

Figure 5.5: An excerpt of the example in Figure

other components, but aggregated by applying certain reduction technique. These re-
duction techniques let this partial system to modulo an appropriate equivalence or pre-
order relation to get a smaller but “equivalent” system for further parallel composing.
This obtained system should prevent the properties to be verified on the whole system
as the original one. The remaining components are involved in the intermediate partial
system one by one until we get the whole system with using the reduction technique
each time on the intermediate partial system. The usually used equivalence relation are
introduced in Chapter [2} e.g., strong bisimulation, weak bisimulation and branching
bisimulation. In many case studies [20, (8], this approach has proven its strength. Also
the ordering to involve these components have a significant impact of the size of partial
system and this problem is discussed in [{i5].

The compositional aggregation approach is not always productive. In some cases, we
may successfully generate the whole state space by using the state space exploration ap-
proach, but the parallel composition with two subsystems (components) leads to state
explosion [17]. Some solutions are given to tackle this issue, the mostly used approach is
to take the interface (context) constraints into account when we are doing parallel com-
position. Generally speaking, the interface constraints are the environment (context)
of the process in the system (usually its neighbor processes). In the classic way of
doing parallel composition, the intermediate partial system does not know its context
in the whole system, but there must exist some restriction from the other processes
outside it. The obvious restriction is the synchronization actions (gates) between the
processes in the partial system and their neighbor processes. Since the synchro-
nization has a forced manner, some “free” actions appear in the partial system is actually
restricted by other processes outside. In some cases, we can even eliminate states and
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transition that are not reachable before we get the whole system. Two methods are pro-
posed in [12] and [30]]. In [29]] and [30]], the solution is called interface, which expresses
the environment by a sub-expression, i.e., an LTS representing a set of “authorized” ex-
ecution sequence that can be performed. This method is also implemented by CAapp
toolset. In CADP, a tool called PROJECTOR is used to construct the intermediate par-
tial system under interface constraints. The interfaces can be generated automatically
by the tool or given by the user self. Also a new parallel composition operator called
semi-composition (we denote this operator as X) is defined in the PROJECTOR tool.

Semi-Composition

Definition 5.1 (Semi-Composition) Let Z; = (81, Act;,—>1,50,) and I, =
(S,, Acty, —>2, S0,) be two LTSs, A is a label set with A € A (A is the set of observ-
able actions) and the LTS resulting from I, |4 I, = (S’, Act’,—', s3). Then we define
the LTS denoted as T, W4 I, = (S, Acty, —>, So,) resulting from the semi-composition
of I, by I, as follows:

S = {plpges}
— = —>1 N{(p1,a, p2) | (p1,q1) —' (P2,92)}

We call the set A the synchronization set and the pair (A, S») the interface, and if an
actiona € Ay N A, we say the action a is controlled by the interface (A, S,).

d d d
a a a d a a
T I T

1 3

Figure 5.6: A example of semi-composition:73 = 77 Ny, .0y 1o

Obviously, the obtained LTS Z; X4 7, is a sub-LTS of Z;, and means also that applying
semi-composition of Z; by Z, does increase the number of states and transitions of Z;.
If we use this “context-aware” LTS Z; X4 Z, rather than Z; as parallel composition
component for further compositional aggregation, it can contribute for generating the
whole system with a tractable state space size if the redundant states and transition are
removed as early as possible. In [30]], three significant properties of semi-composition
are stated:
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1. Semi-composition can reduce the state space, since the resulting LTS Z; X4 7, is
a sub-LTS of Z;. Even in the worst case we have 7; X4 7, = 7;.

2. (1 Wy Iy) ||la Zo = Zy ||a Z». This property of semi-composition fulfills
the requirement of the essential idea behind using context constraints: the semi-
composition preserves not only the temporal property of the system Z; X4 75,
but also cut-off the unreachable states and transition of Z; by given a context LTS
Iz.

3. iyl a Ty, = I, Ky T'5, if L(hide (A\ A) in Z,) = L(hide (A\ A) in Z’,), where
L(Z) denote the observable traces of LTS Z. This property makes sure that we
can first reduce the state space of the interface of 7, i.e. Z,, before we do semi-
composition. We can first find a reduced LTS, i.e. Z,, which is observable trance
equivalent to the original Z,, and semi-compose Z; with Z,.

One limitation of this approach so far is the context constraints are limited to the “direct”
relation between LTS Z; and Z,. In other words, sometimes the context of interface 7, is
too weak to restrict the behavior of Z;. For instance, for a parallel composed LTS (Z; || 4
1,) || B Zs, the LTS Z, does not constrain the behavior of Z1, but Z3 does. To handel this
problem, in [29] Krimm & Mounier presented the following semi-composition laws:

TillaZs = (LiXR4D) |4a1s
(Zi 4y 22) la, Iz = (Z1 Wp Z3) 4, I2) |4, L5
where B = Ay N (A1 U (Act(Zy)\Act(Zy)))
(hide Ay inZy) |4, Zo = (hide Ay in (Z; Kg\a, 12)) |42 L2

Although, the three laws improve the performance of semi-composition in practice, the
approach of Krimm & Mounier has still its weaknesses. These issues are stated in [29]]
and a refined approach to generate interface constraints is represented.

Issue 1. Krimm & Mounier’s method does not allow to take more than one interface
into account simultaneously. For instance, if we have an expression of LTS like Z; || 4,
(Z> || 4, Z3), it is possible that both LTSs generated by Z5 X 4, ndctz, L1 or I3 My, Tp
are the same as 73, i.e., no reduction of 73 by applying semi-composition. Although, if
we take both 7; and 7, simultaneously into account yields a reduction of Z3 (example

cf. [30])).

Issue 2. Interface may not enough to restrict the behavior of system if the synchroniza-
tion on given transitions can be decided nondeterministically.
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To overcome these issues, [30] presented a new refined algorithm by using following
strategy.

1. translate the composition of processes into a general model called “synchroniza-
tion networks”;

2. extract an “interface network” from the network model;

3. generate the interface graph corresponding to the interface network.

For details of this algorithm we refer to [30]. Both versions of semi-composition are
implemented in the PROJECTOR tool in CADP.

In our case, the major benefit of this algorithm is the simultaneous consideration of
several neighbor processes as context constraints. As aforementioned, we can only
determine the channel sizes after we generated the whole state space. As a result, the
IMCs are defined as infinite. Based on these improvements on context constraints in
parallel composition, we attempt to see whether our main issue, i.e., to bound the chan-
nel sizes efficiently and correctly, can be solved.

First attempt - bound the channel size by context

Back to our case, if we generate the IMC model of the SADF specification straightfor-
wardly, we are naturally confronted with the state-explosion problem. With the aid of
interface constraints, we may have a possible solution, and we elaborate the issues we
encountered as follows. In LoTos, two kinds of interfaces (for semi-composition) are
accepted: either a user-given one or an interface generated automatically. Since a user
given one is not possible here (too complicated and varies depend on the ordering of
parallel composition), we concentrate on the interface that can be generated automat-
ically. First, we consider the approach of Krimm & Mounier (non-refined). The prob-
lem here we encounter is the above mentioned issue 1: the context constraints of the
neighbor processes of one process are too weak to reduce the state space of the process.
Note that in order to apply the compositional aggregation with semi-composition to
our model, we need to change our model a little: we separate the semantics of channels
out of the detectors and kernels. If we compare the original IMC semantics described in
Chapter [4} we notice that, in the original IMC semantics, all the IMCs to interpret the
processes are infinite, since we integrate the unbounded channels into the processes.
If we want to apply compositional aggregation, the better way is not to integrate the
channels as variables into the processes’ semantics, which gives us a clear semantics. In
our SADF specification, if we only consider the functionality of kernel or detector, the
IMCs to express the kernel and detector are all finite, because the kernel and detector
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finish their tasks in limited steps and then returns to their initial state, only the channels
are treated with unbounded size. We do not know the exact size of the buffers before
we have obtained the whole state space of the model. On the other hand, we are sure
that the IMCs to represent the buffers in a bounded SADF graph are finite from SADF
theory [41]. An illustration of the architecture of the modified semantic model of the ex-
ample in Figure[4.11)is shown in Figure[5.7(a)l In this example, we assume now the IMCs
to express the processes A, B and D are finite due to the separation, and all the channels
are modeled as infinite IMCs. Since the infinite IMCs are present, to use compositional
aggregation on this model is obviously impossible. Our next possibility is try to apply
the semi-composition approach from Krimm & Mounier. Again take the SADF graph
from Figure |4.11/for example, let the expression Z, express the IMC of process/channel
x and the set G; be the synchronization set between IMCs, then we assume now we
obtained an IMC Zp4 = Zp ||g, Z4. If we want to parallel compose the two IMCs
Ip4 and Icc, ,,» we need to find the boundary of channel CCy 4, i.e., Zcc, , must be
finite. This forces us to use the Zpy4 as interface and to restrict the behavior of CCy 4.
But we fail here, since Zcc, , WG, Ipy is still infinite. The reason is the data channel
D Cy 4 here, so far D Cjp 4 has not been taken into account in our parallel composition
and this means that the forced synchronization actions (should restrict the behavior of
D) between detector D and DCy 4 are treated as “free” actions. The detector D can
get infinitely many data tokens based on these free actions, and fires for ever, and this
causes the C Cy , to be infinite. Even with the refined approach, the simultaneous con-
sideration of IMCs 74 and Zp as Zcc,, ,’s context constraints has no effort to restrict
the unbounded channel to bounded.

In conclusion of the first attempt, we have encountered some major issues while using
compositional aggregation. First, we need to consider different (even maybe the rest
of system) interface constraints simultaneously. As a result, using interface constraints
to determine the exact size of buffers is not possible. Second, parallel composition of
a finite IMC with an infinite IMC is not supported by Capp. Even we can generate a
finite IMC of (Z4 ll6s Zs) ll6, Znca,) los Tncya) llgs Zp) in our case. This
IMC is much large than the directly generated IMC, since the control channels are not
involved here, kernel 4 and B can have more possibilities of execution in all “scenario
sequence” (detector D responses for the determination of possible “scenario sequence”).
On the other hand, if we want to parallel compose further using this finite IMC with an
infinite IMC of a channel, this is not possible. (Capp will first generate the IMC of the
unbounded channel).

Second attempt - first restriction then check
Another way is to combine the approaches from [30] and [43]. Also in [43], they have
confronted the issue caused by unbounded buffer. In their model, if the size boundary
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(a) The architecture of SADF model with (b) The architecture of ScalAgent [43]

separation of channels

Figure 5.7: The architecture difference between SADF model and ScalAgent

of the buffer are not correctly determined, unexpected deadlocks or lost behavior will
reveal due to the overflows of buffer. The approach used in [43] is to “guess” the bound of
buffer then check whether the “guess” is correct. They first restrict the size of buffer from
N (e.g. N = 3) places, and generate the LTS of the buffer. After the LTS of the buffer is
parallel composed with its connected activities, the resulting LTS is used as interface to
restrict the behavior of the buffer (e.g., general buffer includes all the possible content
in the buffer, but in a specific system some content will never occur). Then, they check
whether the size of buffer is correctly bounded. This is done by checking whether a
sequence of N successive message exists in the LTS of the reduced buffer. If this is true,
they increase the size of buffer and repeat the check experiment again. Otherwise, if
they are lucky, the result comes out false, this means the size of buffer was bounded
correctly.

The significant difference between their model and ours is the architecture of the system
(cf. Figure[s.7). The sequential processes in their system are parallel composed in a
hierarchical manner, whereas in our model the processes may mutually related. The
“guess” of size of the buffer does not work well here: to generate the model, we need to
guess all the bounded sizes of each channel at the same time, but obviously, different
channels have different sizes. Only to test the combination of different sizes of all chan-
nels is a cumbersome thing. Assume we apply the similar strategy in [43]: we begin our
test with the minimal size of each channel (here, we let maximal rate of all scenarios at
the output port, to be the minimal size of the channel), we first generate the model by
using compositional aggregation, and then check whether there is an overflow in any
channel. If any channel has an overflow, we increase the size of that channel, and gener-
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ate the system using compositional aggregation and check the occurrence of overflow
again. One problem in this approach is the initial token plays an important role only
at the end of composition aggregation as restrictions, even here the neighbor processes
are used as interfaces. For instance, if we have a channel with maximal size of 3 but
only 1 token in it initially. Using compositional aggregation, we need to generate IMC
of the channel first. But after generation, this IMC can represent even 3 initial tokens
in it (since the produce-action is free in the channel, 2 consequential produce-actions
will lead the IMC to 3 tokens initially). This modification may cause state space explo-
sion during generation. We know that the circular dependency makes sure the semantic
model bounded if its representing SADF is bounded. But this circular dependency is
based on many different processes which form a dependency circle in SADE not only
the neighbor processes. The channel with 1 initial token may at most times only 1 token
in it and only for short time 3 tokens. But if we first generate the channel with maximal
size 3, the generated IMC may contains 3 initial tokens in it and influences the further
parallel composition with other processes. Only after the last component is involved in
the system, the unreachable states caused by 2 or 3 initial tokens in that channel can be
determined and be removed.

This is not the same situation as we can determine the bound of buffers in a bottom-up
fashion [43]. The “neighborhood” context is still insufficient to filter the unreachable
states earlier which can only be done by involving the last process in the system. More-
over, if the initial check size of buffer is already very large (say, in the MPEG-4 decoder
example, every control channel is at least a 99-place buffer, which can store 9 different
values. Only one control channel has already 99° states), and with such a large state
space, even to generate the state space (LTS) of one channel is impossible. Another
problem is caused by the separation of channels as individual IMCs, since many states
and transitions used for synchronization between processes and channels can not be
hidden immediately (the process must put tokens at the same time into all the chan-
nels, which are connected with it through its output ports, or the channels must notify
the process of token availability etc.), these states which can not be hidden immediately
and contribute for an exponential growth of state space.

To sum up, in our model, generally to predicate the exact size of channels (buffers)
is even harder than direct generation of the model due to the recursive dependency. It
also results the compositional aggregation approach is inapplicable (may work for small
SADF) . Since the buffers are not shared, to avoid reduce the redundant synchronization
states and transitions, we integrate them into processes. By this way, the generation of
state space becomes more efficient.
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5.2.4 State Space Generation

In following sections, we will introduce the steps to generate the IMC based on
the toolset in Capp and how to obtain the corresponding extended continuous-time
Markov Chain (CTMC). The steps are shown in Figure|5.8]

1. State space generation

resulting model: LTS

& J

v

2. Applying action urgency & resolve conflicts between actions

resulting model: reduced LTS

v

3.1 Enable Markovian transitions by renaming

3.2 Hide synchronization actions

3.3 Apply branching stochastic bisimulation on the resulting IMC

resulting model: reduced IMC

A" J

\d

(4. Enable the probabilistic transitions (= a probabilistic scheduler)

resulting model: extended CTMC (without non-determinism)

A" J

Figure 5.8: The steps of IMC state space generation based on the CADP toolset

In last sections, we introduced some syntax and semantics of LoTos. To generate the
state space of the system, whose behavior is described by using LoTos, we employ the
tool SvL in CADP. SvL is a scripting language, which provides convenient functions in
the generation and verification tasks. There are some major functionalities of SvL:

« the operators in LoTos also are also supported in the Svi language, it provides
operators for considering context constraints, i.e. abstraction, refined abstraction
of an expression w.r.t some interface;

o by using the so-called meta-operations, various compositional reduction ap-
proaches can be written more concisely;

« allows direct using Bourne Shell Script language in the SvL file (begin with %);

o includes operators for generating the explicit LTS of an express.
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To generate the system of example in Figure we only need to write a line in SvL:

"abd.bcg" = generation of "ABD.lotos";

This SvL will call the tools C£AsR and CEASR.ADT to generate the LTS of the exam-
ple for us. The resulting LTS is coded in a so-called “bcg” format [1]. As aforemen-
tioned, if we already hide all the internal synchronization actions in the LoTos file ,
this LTS contents only two kinds of transitions: the internal r-transition and transition
with normal labels. Now, the Markovian transitions in this LTS are only labeled with
normal labels named with “LAMBDA_Ps”, where P stands for the process name and s
stands for the (sub)scenario name (this represents Markovian transitions of process p
in (sub)scenario s in the IML expression).

5.2.5 Apply Action Urgency on Generated IMC

To apply action urgency assumption on the IMC generated by the first step, we need to
specify the priority on actions. Since the synchronization actions are labelled with pro-
duce and the probabilistic transitions with “Prob_px” (both begin with “PRO-”, since
all labels in generated IMC are upper case), we use the priority setting command in Sv:

"abdacturg.bcg" = generation of
gate prio
"PRO.*" > all but "PRO.x"
in "abd.bcg"
end prio;

With this command, all transitions with the labels that begin with “pro” have a higher
priority than other transitions (the lambda transitions).

5.2.6 State Space Reduction

To turn this LTS into an IMC, we depend on the “rename” command in SvL. This com-
mand will call the tool BCcG_LABELS to rename this transition labels and add rate infor-
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mation to the labels. With the change of labels on the transitions, we can choose two
kinds stochastic models.

1. Interactive Markov Chain, which contains the transitions of the form “rate % f”.

2. Timed Processes for Performance (TIPP) Model [23]], which contains the transi-
tions of the form “label; rate % f.

Since we need to know the execution status of each kernel and detector while we are
doing performance evaluation, we adopt the form of TIPP. Note that we did not adopt
the TIPP model before our state generation. Because the labels (action names) attached
on the Markovian transitions are added after the generation of whole state space, these
labels (actions) do not have any synchronization capability.

"abdimc.bcg" = total rename
"LAMBDA_AS" -> "Execution_A; rate 0.0347",
"LAMBDA_DT" -> "Execution_D; rate 0.001"
in "abdacturg.bcg";

After the normal transitions named “LAMBDA_Ps” are replaced with the Markovian tran-
sitions in the first generated LTS, now we obtain a real IMC.

Then, we turn the transitions used for synchronization by hiding the produce actions.

"abdhid.bcg" = hide Produce_A ,Produce_B,Produce_D
in "abdimc.bcg";

In the resulting IMC, three kinds of transitions are present, i.e. the internal transition z,
the normal transition labeled with “PRO_Px” (x is the identification number of the prob-
abilistic transition belongs to it) and the Markovian transition “Execution_P; rate

hof

Note that until now, this IMC does not contain any real probabilistic transitions. These
transitions are treated as normal transitions labeled with “Prob_px”. These normal
transitions can be seen as non-deterministic choice if they are emitted from one state,
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and if we rename the transitions with probabilistic labels, they become deterministic
transitions solved by probabilistic choice. But before we do that, we first do stochastic
branching bisimulation on the resulting IMC with following command.

"abdred.bcg" = branching stochastic reduction of
"abdimc.bcg";

5.2.7 Adding Probabilistic Information

In the end of Chapter |4, we have discussed the non-determinism in the IMC model
of SADF specification. After applying the branching stochastic bisimulation on
the resulting IMC, only the non-determinism caused by probabilistic transitions of
different process is left. Furthermore, there should exist no r-transition any more due
to the (stochastic) branching bisimulation and we check whether it is true with this Svi
command:

% bcg_info "abdimc.bcg"

If there is only one detector in the SADF specification, we can skip the step of removing
the non-determinism between probabilistic transitions. If there are more than one de-
tector in the SADF graph, refer to the explanation in Section [4.3.1, we should determine
the priority of the detectors. Since the probabilistic transitions are not renamed yet,
the probabilistic transitions should have the form: “PRO_Dx”, where D stands for the
detector D and x stands for the identification number of this probabilistic transition
belongs to the detector D. Again we use the priority setting in SVL to generate the
IMC for us. Note that from the diamond property discussed in Section we know
that the priority settings on probabilistic transitions and internal interactive transitions
(tr-transitions) will not affect the outcome of long-run averages, but has an impact on
other metrics like buffer occupancy.

"prio2.bcg" = gate prio
"PRO_D.*x" > "PRO_G.x*"

in "priol.bcg"




5.3. Model Checking on the resulting IMC 93

end prio;

Now we should turn the “pseudo” probabilistic transitions into real probabilistic
transitions by the following command:

"abdredpro.bcg" = total rename
"PRO_D1" -> "detD; prob 0.67",
"PRO_D2" -> "detD; prob 0.33",
"PRO_D3" -> "detD; prob 1.00"
in "abdprio.bcg";

The pure probabilistic transition is also fine here, but in contrast with the original TPS
semantics of SADF specification, we employ the generative model.

Now our basic semantic model of SADF graph is totally generated. This model is a IMC
with deterministic probabilistic transitions in it (can be seen as the non-deterministic
branching transitions are assigned with weights). Our next task is to check the func-
tional and performance properties in this model.

5.3 Model Checking on the resulting IMC

The stochastic process algebras (e.g. IMC) extends the classical process algebras with
adding stochastic timing information. Rather than only functional verification is al-
lowed, this semantic model allows the evaluation of various system aspects [13] (cf. [2.1):

« functional behavior (e.g. deadlocks)
« temporal behavior (e.g. throughput)

 combined properties (e.g. duration of certain event sequence)
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5.3.1 Functional Verification

For functional verification we use the Action Computation Tree Logic (AcTL) 35} 34].
This logic is implemented using eXecutable Temporal Language (XTL) in CaDP. XTL
is a functional programming language which can implement various modal and tem-
poral logics (e.g., HML, CTL, LTAC or p-calculus) and these operators in the logics are
evaluated over LTS [32]. XTL can even access the data values contained in the states,
labels, transitions and sets, the predefined and use-defined functions are also provided
to manipulate these data values. For example the set of deadlock states can be expressed
by XTL expression:

{ S:state where succ (S) = empty }

Three basic predicates which we may use in our verification over actions and states are
defined in the basic XTL. These predicates are shown in the following figure.

def INIT () : stateset = { init of state } end_def
def TAU () : labelset { L: label where

not (visible (L))} end_def
macro EVAL_A (A) = { L : label where L -> [ A ] } end_macro

Four primitive ACTL operators (cf. table|s.1) are used for any set of events A and formu-
las F, G, the semantics of these operators over the LTS 7 are described as follows. Here
we assume the given LTS 7 = (S, Act, —, 5o) and for each state s € S and a; € Act,

let the Path(s) = {s N S1 N S RSN -} be the execution sequences starting at s.
The semantics of a state formula f (denoted as [ f]), is the set of states (labels) satis-
fying it in Z, similar a action formula a (denoted as [a]) is the set of labels satisfying
it in Z. Four derived notations from the major AcTL is also used for functional verifi-
cation. With the aid of AcTL and the functions predefined in XTL, we can check some
properties of our generated model. But a barrier exists in our model, since our model
is now an IMC with Markovian transitions, we should turn it back to an LTS when we
do functional verification. We do not choose the direct generated LTS at the first step
of state space generation, since the action urgency and non-determinism are not ap-
plied to generated the LTS. So now we need to rename the Markovian transitions back
to normal transitions and use the label pattern match function in XTL. The Markovian
transitions in the model presents exactly the executions of processes in SADF specifi-
cation, so we rename them back to the form “Execution_P” to represent the execution
of a process “P”. The operators are used later in the second case study in Section [5.4.2]




5.3. Model Checking on the resulting IMC 95

XTL syntax math syntax semantics of operator

EX_A(A, F) EX4F {s]|3s—>s.ac[A]As €[F]}

{s | Ja, s’ : sis’/\‘v’a,s’:

AX_A AX
_A(A, F) aF si)s’:aeﬂA]]/\S/E[[F]]}

{s|3p € Path(s) ATk >0 :
EU_A(F,A,G) | E[F4UG] | (Vi=0...(k—1),p(i) — pi +1) =
(« € [AJU{z) A p(i) € [F]) A p(k) € [G]}

{s|Vp e Path(s) ATk >0 :
AU_A(F,A,G) | A[F4UG] (Vi=0...(k—1), p(i) — p(i +1) =
(¢ € [A] U {z) A p() € [F]) A p(k) € [GD)}

Table 5.1: Four major logic operators in ACTL

XTL syntax || math syntax || semantics of operator
Box(4, F) [A]F —EX4—F
AG_A(A,F) AG4F —E[tt4U—F]
AG(F) AGF AGu F

Table 5.2: Four derived logic operators in ACTL

5.3.2 Performance Evaluation

Recall that the IMC we obtained at the end of model generation contains only Marko-
vian transitions and probabilistic transitions. To analyze the temporal behavior of the
resulting IMC, we need to eliminate the probabilistic transitions. Only after this step, we
can obtain an equivalent CTMC to the original IMC with probabilistic transitions and
do performance evaluations. The algorithm to eliminate the probabilistic transitions is
described in [39] and implemented by the tool BcG_TRANSIENT and BCG_STEADY.

The basic idea to eliminate the probabilistic transitions is to collapse a Markovian tran-
sition with all immediately following probabilistic transitions (cf. Figure[s.9)).

The standard elimination algorithm for probabilistic transitions is described as follows

[391.
First the states of the transition system are divided into two categories.
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A .
“ e11m1nat10n of
[ ]
/ \ probablhstlc
D1 (1-p1)
transitions
[ ] [ ]

Figure 5.9: An example to collapse a Markovian transition with two
immediately following probabilistic transitions

A-(1—p1)

Definition 5.2 (Tangible and vanishing states) For a state s in the transition system
with both Markovian transitions and probabilistic transitions, if at least one (possibly la-
belled) probabilistic transition goes out of s, then the state s is called a vanishing state.
Otherwise, i.e., if there is no probabilistic transition goes out of s, then s is called a tangi-
ble state.

Then the Markovian transitions and probabilistic transitions in the transition system
are translated into a matrix with the following shape:

0 - (M” Mw)
PP,

The M ,, and M ,, contain the Markovian transitions (from tangible) to tangible and
vanishing states respectlvely, and P ,, and P, contain the probabilistic transitions
(from vanishing) to tangible and vanishing states respectively. And a characteristic ma-
trix is defined as:

E = {bij} = (L_Evv)_lﬂvt

where b;; is the probabilities to reach the tangible state j from a vanishing state i via
probabilistic transitions only. Then the transition rate matrix Q', which does not con-
tain any probabilistic transitions is:

2/ =M, +M,B

Extended the algorithm with respect to the Markovian transitions together with action
names (corresponding to the Markovian transitions of the form “Execution_P; rate
% f7, and the set of actions together with Markovian transition is denoted as Actys), we
get matrices “M ,, and “M ,, for each actiona € Actys. The sum of rates of transitions
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labelled with a leading from state i to state j is represented by the entry “m} in the
matrix “M ,,. Then we have:

‘M., | M
a — —1t —1tv anrn’ — M + M B
£ ( P | P ) £ = M+ Mol

Since in our model we have P, = 0 (no probabilistic transition ends in a vanishing
state),
B=(1-07"P,.

Then we have
ag/ = {"qij} = ‘M, + M, P,.

By applying this algorithm on our IMC model, we can obtain a transition system (al-
most) without probabilistic transitions, which is equivalent to the original one. The only
probabilistic transitions that cannot be removed are the probabilistic transitions ema-
nating from the initial state (since no Markovian transition goes into the initial state).
The possible solution is to given a initial weight distribution on theses states, to which
the probabilistic transitions from initial states are pointing, according to the probabilis-
tic branching during temporal analysis.

The benefit of above mentioned approach is this algorithm compute an equivalent
CTMC without any probabilistic transitions compared with the original system. Then
the properties (e.g. reachability) can be evaluated on CTMC is also available for our
model. One performance property we are going to check is the time until one process
finishes its first execution in the SADF specification.

The handicap here is the logic like CSL can not be used in our case, since we lack the
tool to export the CTMC without probabilistic transitions out from Capp toolset. On
the other hand, the BcG_TRANSIENT or BCG_STEADY tools only allow us to do transient
or steady analysis on the generated CTMC. If we want to know the expected time until
one process finishes its first execution in the resulting CTMC model, the first problem is
to find the execution sequences out from the generated IMC. Since the manner of par-
allel compositional in IMCs forces the actions in the synchronization set to synchronize
(TCSP-like). We use an IMC automaton (i.e. an extended IMC with an additional ac-
cepting states) to parallel compose with an IMC automata derived from the original
IMC representing the SADF model to obtain the traces which lead to the first execution
of that process. More formally, we extend the IMC to an IMC automata which has a set
of accepting states. Let an IMC automaton A = (S, Act, —, =, 5o, IF), only the set
F is defined as a nonempty set of states which are assigned as accepting states, other defi-
nitions are the same as in IMC. Further, for parallel composition of two IMC automaton,
say Ay = (81, Acti, —>1, =1, 50,1, F1) and Ay = (S2, Acta, —>2, =2, 50,2, F2),
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the parallel composition of A; and A, w.r.t. set G is defined as an IMC automaton
Ay |l Az = (S1 X S,, Acty U Acty, —>, =, (50,1, 50.2), F). In the definitions, (ini-
tial) states and transition relations in the parallel composition of the two IMC automata
are the same as the case of IMCs (cf. Definition [2.11), only the additional accept set F
is defined as FF = F; x F,. Now, weletZ = (S, Act,—>, =, 5¢) be the IMC repre-
senting a SADF graph G, then the corresponding IMC automaton A of 7 is defined as
Ar = (S, Act, —, =, 50, S) (i.e., all the states in the Z are accepting states in Ay).
Then our goal is to find an automaton Ap = (S,, Actp, —>p., =, Spo, Fp), such
that A; ||g Ap = A/, where in the automaton A/, all the paths from the initial state
(S0, Sqc) to the accepting (final) states represent the execution sequences until the the
process P finishes its first execution (to get the expected time until the first execution of
P, we can use the resulting IMC automata A/ to parallel compose with another IMC
automaton in a similar way).

We give the IMC automata Ap = (S,, Actp, — p, =), Spo. Fp) and the synchro-
nization set G as A; = (S, Act, —>, =, 50, S) follows:

w
produce},

Spo —— Spac f P €D, w € Qp;

produce?, )
Spo ——> Spac if P € K,w € Sp;

S0 N S0 if P € D,a € Act/{produce) | w € Q,};

if P € K,a € Act/{produce), | s € S,},
° G = Actp = ACZ

o Sp = {Sp(), Spac}>

Fp - {Spac}’

« —=10.

Act,/ X
X = {produce)) | v € Q,} (if P € D)
X = {produce), | s € S,} (if P € K)

Here we choose the action produce-action of process P as the synchronization action
to lead the states to the accept (final) states, since we know direct after an execution
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of the process P (i.e. the Markovian transition of P) the produce-action is followed.
These produce-actions are hidden later and removed by applying stochastic branching
bisimulation, and only the Markovian transitions are kept. If we apply our approach to
the example in Figure and parallel compose the resulting IMC automata (cf. Fig-
ure[5.11), we get the IMC automata, whose traces from the initial state to accepting states
represent the first execution of kernel B. The IMC automata we obtained is shown in

Figure

D; rate 0.1 detD; prob 1
D; rate 0.049 detD; prob 1
>® etD; pro
\/

Figure 5.10: The IMC automata to represent the first execution of process B according
to the example in Figure [4.11]

5.4 Case Studies

In last section, we have shown how to generate the IMC of SADF specifications using the
toolset CADP. In this section, we will discuss the results of state space of two examples,
the example in Figure [4.11]and the a MPEG-4 decoder shown in Figure
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H Generation of state space ‘ After sto. branching reduction ‘ Remove of non-determinism H Reduction factor ‘

1.Approach- separation of channels with processes

# states 4081 18 15 226.72

# transitions 11785 32 21 368.28

2.Approach- integration of channels into processes

# states 288 44 15 4.42

# transitions 155 26 21 6.55

Table 5.3: The results of state space in first case study
5.4.1 1. Case Study

In the first example, we compare the state space generated by two different approaches.

1. approach. Direct generation with separation of channels with processes.

2. approach.  Direct generation with integration of channels into processes.

With the 1.approach, we get an IMC of 4081 states and 11785 transitions. Compare to
the 2.approach, the state space is about 26-time larger than the 2.approach. The reason
is that if we separate the channels with processes, the number of components increase
from 3 to 8 (3 processes and 5 channels) compared with the 2.approach. Naturally this
increase of the components for parallel composition causes a large state space. On the
other hand, the separation also makes the system more complex. In the SADF model,
the channels do not act as only the medium to store the information, but also need to no-
tify the availability of token to the corresponding process, furthermore the channels do
not know what the in which sub(scenario) the process is going to operate. The process
must first communicate with the control channels, which connect through its control
ports, and send the (sub)scenario to the corresponding data channels, and then wait for
the notification from these channels. This cause an immense synchronization between
the channels and processes. But after we hide these synchronization, all these transi-
tions for synchronization turn into r-transitions and generally the stochastic branching
reduction can remove these transitions. In the 2.approach, we integrate the channels
as variables in the processes, which fetch the tokens from the channels. This setting
allows us to use guarded transitions to enable the execution of the processes when the
tokens are enough. This is why the reduction factor of 1.approach is much higher than
the 2.approach. The next step is to remove the non-determinism caused by the conflict
between probabilistic transitions and Markovian transitions. Both approaches yield the
same IMC with only 15 states and 21 transitions shown in Figure In the first case
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detD; pr6b 0.67 detD; frob 1

detD; prob 1 Q.0347 detD; prb 0.67 detD; pfob 0.33

detD; prqb 0.33 detD; pr6b 0.67

Figure 5.11: The resulting IMC of example in Figure
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study, our aim is to compare two approaches of IMC semantics definitions. The 1.ap-
proach causes much synchronization than the second one. It encounters a much quicker
state explosion problem, but if the compositional aggregation strategy is applicable in
our state space generation phase, this problem will be alleviate by this strategy, since the
relation between the components are looser than the 2.approach. The internal transi-
tions between the components (processes and channels) can be reduced by branching
bisimulation as soon as there is no further synchronization needed on these actions. In
the 2.approach, the synchronization are now directly between the processes, and nor-
mally all actions used for synchronization are only allowed to be hidden until the whole
system is generated, and the only reduction technique in composition aggregation can
be used during each parallel composition is strong bisimulation. In the second case
study, we only employ the 2.approach.

5.4.2 2. Case Study

In the second case study, we analyzed a more practical and complex model,
the MPEG-4 decoder. In following experiments, the SADF model contains a
whole scenario set, i.e., the processes can operate in the following (sub)scenarios:
1, Py, P3g, Pso, Pso, Pso, P70, Pgo, Poo (9 scenarios in total). Two scenarios / and
Pgo contribute more to the growth of state space than other scenarios. The reason
is that the every time FD finishes its firing, it is possible that FD produces 99 sce-
nario tokens valued with I or Pgg to the channels CCrg 14 and CCyrqiges. Our
goal is to generate the IMC of the MPEG-4 decoder with 1 and 3 initial tokens in
the data channel D C;. s and D C,, rq respectively, which contains the (sub)scenario
I, Py, P3q, Pao, Pso, Peo, P70, Pso, Pog. To generate the system directly, we encoun-
tered the state explosion problem and could not generate the whole state space. In our
machine, 192 GB RAM is used up without obtaining the resulting IMC. As a result,
we first try to generate the system with only 1 and 2 initial tokens in the data channel
DC,c,rq. Here, welet N to denote the number of initial data tokens in the data chan-
nel DC,., rq. The results is shown in the table We observed that the IMC with

’ H Generation of state space H After reduction & removal of non-det. H Reduction factor of states ‘
N states transitions states transitions
1 121430 230538 20664 40588 5.88
2 11843682 28429668 748813 2056149 15.82
3 ? ? ? ? ?

Table 5.4: The results of state space with 9 scenarios
(17P07P305P409P50aP605P707’P8057P99) in the IMC
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only 2 initial tokens in the data channel DC,, 4, the resulting IMC has more than 10
million states after the state space generation, and after reduction and removal of non-
determinism on this IMC, we have about 700000 states with the reduction factor about
15. To have a hypothesis about the trend of growth of this IMC with 3 initial tokens

’ H Generation of state space H After reduction & removal of non-det. H Reduction factor of states ‘
N states transitions states transitions -
1 59406 122865 5051 99902 11.76
2 454420 1127321 24951 49503 18.21
3 1635890 4351159 64453 128308 25.38
(a) The results of only scenario / in the MPEG-4 decoder
’ H Generation of state space H After reduction & removal of non-det. H Reduction factor of states
N states transitions states transitions -
1 66978 135994 7003 13686 9.56
2 1298878 3258351 83586 202554 15.54
3 10311656 28178676 477036 1234026 21.61
(b) The IMC state space when scenarios I, Py, Peo in the MPEG-4 decoder
’ H Generation of state space H After reduction & removal of non-det. H Reduction factor of states
N states transitions states transitions -
1 89166 174562 12580 24680 7.09
2 3853042 9395552 259145 679213 14.87
3 56867106 154377391 2661313 7527029 21.37
(c) The IMC state space when scenarios I, Po, P30, Pso, Poo in the MPEG-4 decoder
’ H Generation of state space H After reduction & removal of non-det. H Reduction factor of states ‘
N states transitions states transitions -
1 62013 107649 15714 30785 3.95
2 7309391 17097494 554135 1511645 13.19
44376497 118676755 2462606 6968605 18.02

(d) The IMC state space when scenarios Py (x = 30,40, 50, 60, 70, 80, 99) in the MPEG-4 decoder

Table 5.5: The conflict between probabilistic transitions

in DC;, rq with 9 scenarios, we go on with our experiments. We reduce the scenario
numbers in the scenario set. Note that one factor also contributes the growth of mem-
ory consumption: for the generation of IMC with 2 initial tokens in the data channel
DC,, a4, the maximal natural numbers we used in the IMC to represent the numbers

*With N = 3, the generation of IMC of Py only with Pso, Pao, P50, Pso, P70 possible.
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the tokens in the channels (for both data and control channels) are smaller than 254, but
with 3 initial tokens in D C,, 4, the detector can fire 3 times sequentially and produces
at most 297 (99 x 3) I or Pyy scenario tokens into the control channel CC 4 ;4 and
CC r4,mc- To generate such IMCs correctly, we need to use the X_NATURAL library in
CaDP, in which the natural number is externally implemented as unsigned int (32 bits)
in C (the details cf. [3]). To compare these results, we try to generate the IMCs with four
different scenario combinations: 1) only scenario token 7, 2) 3 scenarios (I, P3¢, Peo),
3) 5 scenarios (I, Py, P3g, Pso, Poo), 4) 7 scenarios with P, (x=30,40,50,60,70,80,99).
Since the x in P, represents the number of macro blocks in the P frames, the more
distinguished values of x are used, the more accurate the system is to be modeled. But
with reduced scenarios in the model, we can still achieve to model the MPEG-4 decoder
with less accuracy. Now, we increase the initial data tokens in DC,., s4 from1to 3 and
try to generate the IMCs. The results are shown in the table|s.5, The limitation of state
space generation before state space reduction is when there are 3 initial data tokens in
DCrc,fd and with OHIYS scenarios (1, P(), P30, P60, P90) or (P3(), P4(), P5(), P60, P70).
The memory consumption in both cases is over 100 GB, and when only one additional
scenario is added, the generation is not possible anymore.

With comparison of the reduction factors, we observed that for N = 1, the reduction
factor is about 10, for N = 2, the reduction factor is about 15, for N = 3 we do not
obtain an reduction factor at the end, but from the other scenario combinations, it sug-
gest that the reduction factor when N = 3 is about 20. Hence, the reduction factor
increases when the N increases.

Another aspect is from the Figure (red. stands for reduction in this figure), we
looked at only the number of states in IMC before and after reduction (together with
removal of non-determinism) with different scenario combinations. The value of X -
axis represents the number of scenarios in the scenario combinations, i.e., the scenario
combination of only one scenario / is 1, the combination (/, Py, Peo) is 3, the combi-
nation (I, Py, P3¢, Peo, Poo) is 5, and P, (x=30,40,50,60,70,80,99) is 7, the full scenario
set is 9. From the figure, we can see that the reduction by letting the system modulo
bisimulation is efficient. But one issue reveals here is the reduction approach may not
sufficient to alleviate the quick growth of state space in the original IMC, since the grow-
ing rate (angle) between the scenario combinations using both approaches are almost
the same. The state spaces after reduction does not grow slower than the reduction be-
fore. Another observation is the increase of N has a very strong influence on growing
rate of state space. Comparing the state space growth between the scenario combination
1and 3 in X -axis, the angle of growth is steeper and steeper if N increases. The linear
growth of N from 1 to 3 does not cause a linear growth of the state space, but much

*With N = 3, the generation of IMC of P, only with Psg, Pao, P50, Pso, P70 possible.
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quicker. In this figure, it suggest that the generation of IMC with full scenario set and
N = 3 may possible, if the compositional aggregation approach can be used during the
state space generation, since the IMC after reduction should have less than 108 states.

—u— N = 1 before red.
—— N = 2 before red.
—eo— N = 3 before red.
—a— N = 1 after red.
—— N = 2 after red.
—o— N = 3 after red.

3 4 5 6 7 8
different scenario combinations

—
[\
\OA

Figure 5.12: The state space of generated IMCs before and after reduction with
different scenario combinations

Functional Properties

For the example of MPEG-4 decoder, we have checked following properties when N =
I:
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1. Deadlocks: there should be no deadlock in the resulting IMC. Since the original

SADEF graphs are all bounded and deadlock-free [41], the IMCs we generate for
these SADF graphs should also be bounded and deadlock-free. This property
holds for all SADF models in our examples.

In the 2.case study, we check the properties on the generated IMC. Since we know
that the Markovian transitions in the IMC represent the firings of processes, we
first using the label matching function EVAL_A(---) to obtain the set of such
transitions belonging to every processes in the SADE. Hence, for instance, the set
ERC is all the Markovian transitions which are labelled with the RC in the SADEF:

ERC : labelset = {L:label where L ->[RC ?rate:reall},
EMC : labelset = {L:label where L ->[MC ?rate:realll},
EIDCT : labelset = {L:label where L ->[IDCT ?rate:realll},
EVLD : labelset = {L:label where L ->[VLD ?rate:realll},

. After we obtained the set of transitions that indicates the firing of the processes.

We can first check whether this property holds: initially, ERC (the firing of RC)
will be eventually reached. This property should hold, but the result returns
“false”. The reason is that the probabilistic self loop in the IMC caused by the
scenario Py. Since the all the executions of processes in scenario Py cost no time,
there exists self-loops of probabilistic transitions (The zero-time executions of
processes are not modeled by interactive transitions in our IMC, they are simply
ignored). That is why the result returns out “false”. If we use the set of produce,.
transitions to indicate the firing of RC, this property holds.

INIT implies AU_A_B (true, true, ERC , true)

The next property we check is : Between two consecutive MC firings, there must
a RC firing. The should be evaluated to true. And, in our test, this property holds.

AG (Box (EMC, AG_A (not(ERC) , Box (EMC, false))))

. For VLD and IDCT, we check the property that: Initially, no IDCT firing can

happen before a firing of VLD. This property holds.

INIT implies AG_A (not (EVLD), Box (EIDCT, false))
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5. The property: after a firing of VLD , a firing of IDCT is eventually reachable, is
evaluated as “false”. The reason is the same as the 2.property. If we use transitions
labelled with produce,;; and produce; ., to indicate the firing of VLD and IDCT
respectively, this property holds.

AG (Box (EVLD, AU_A_B (true, true, EIDCT, true)))

The time cost of evaluation each property using XL is shown in following table.

Time cost of functional properties (in seconds)
P1 P2 P3 P4 Ps
N=1|14 22.5 2.6 1.3 12.2

N =2 |18 | 105032. | 2693. | 109. | 54920.

Temporal Properties

1. The time until RC finishes its first execution A temporal property we want to check
in our generated IMC is the probabilities of kernel RC finishes its first firing in x kCy-
cle. We use the approach mentioned in the Section[5.3.2] with extended IMC automata
to obtain an IMC, in which all the traces from the initial state to the accepting states
indicates the execution sequence until the the process, say P, finishes its first firing.
Here, we only applied the approach on the generated IMC with N = 1. One adaption
is the transient analysis does not support more than one initial states which are prob-
abilistically distributed. To let the probabilistic transitions emanating from the initial
state to be merged into a Markovian transition, we manually add a warm-up “prepar-
ing” processing time (a Markovian transition with high rate) for the first firing of FD.
This adaption makes sure the initial state is tangible. The result is shown in Figure

It is no wonder that the probability of RC finishes its first firing at time zero is not equal
to zero, but with a fixed probability 0.02. The reason is that the probabilistic self-loop
transition caused by the scenario Py (details refer to the Section [4.3.1). The probability
of FD sends scenario Py to each kernel is just 0.02 after each time FD has finished its
firing. Since all the processes finishes their firing cost no time in Py, the probability of
RC to finishes its firing at time zero is just 0.02. First after 1000 kCycle, the probability
starts to increase due to VLD and IDCT have finished its firing in some scenarios and
produce enough data tokens for MC and RC. Then after 2600 kCycle, the possibility of
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The probabilities of first execution of RC
1 \

probabilities
=
(9
T

—e— First execution of RC

[

0 |

0 500 1,0001,5002,0002,5003,0003,5004,0004,5005,0005,500 6,000 6,500
Time(in kCycle)

Figure 5.13: The probability of RC finishes its first firing in x time (in kCycle)

RC has finished its first firing is about o0.5. After 5500 kCycle, the probabilities are all
above 0.99, i.e., almost 1.

2. The transition throughputs of processes|

The BcG_STEADY tool in CADP implements the Gauss/Seidel algorithm to compute the
steady-state behavior of continuous-time Markov chains encoded in the Bcg format [2].
Here, we use one option in this tool to compute the transition throughput of the pro-
cesses. The transition throughput computes how much (a label attached on a Markovian
transition) can be accomplished over a fixed time period. With BcG_STEADY tool, only

3Since the exact interpretation of the notion transition throughput is unavailable, the transition
throughput in IMC may differ from the definition of throughput in SADE The result obtained is for
reference only.
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N=1 N=2 N=3*
VLD 0.0209017 0.0248695 0.0247597
IDCT | o0.0209017 0.0248695 0.0247597
MC | 0.000306018 | 0.000364109 | 0.000195987
RC 0.000348718 | 0.000414915 | 0.000326645

Table 5.6: The throughput of each kernel with N =1, 2,3

the throughput on the long run is computed. Recall that during the generation of IMC,
the Markovian transitions have the form “A; rate % f, which represents the firing delay
of the process A. Therefore, the transition throughput in the table 5.6|is interpreted as
the throughput of each kernel in the MPEG-4 decoder. The time unit in the table is
kCycle. One handicap here is the firings of processes in certain scenario which costs no
time. The throughputs of processes VLD and IDCT, the processes MC and RC should
be identical. It is slight different in our results, since the kernel MC costs no time to
finish its firing in scenario / has no Markovian transition to represent such firing (no
Markovian transition can represent an instantaneous firing). One remark on this com-
putation is the unclarity that whether the probabilistic transitions are also taken into
account during the computation. The result is provided here only for reference hence.

4The generated IMC is only with scenarios I, Py, P39, Peo, Pog.
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Conclusion

In this thesis, we first introduced a natural semantic model called IMC, which takes
the advantages of both classical process algebras and CTMCs. The orthogonal integra-
tion of these two models in IMC provides us a convenient way to model and analyze
the systems. The classical process algebra framework in IMC supports the basic idea of
constructing the system in an component-wise manner, which allows the system to be
modeled by just parallel composing the components. On the other hand, the Marko-
vian transitions representing the time passage in system specifications avoid complex-
ity during modeling and the memoryless property of non-negative exponential distri-
bution fits well with the semantics of parallel composition operator in IMC. Then, we
introduced the model SADF, whose semantics we want to define in terms of IMC. The
SADF model extends the traditional SDF model and allows to express the dynamism
in modern streaming applications. The dynamism in SADF is achieved by using the
(sub)scenarios to set the processes into certain operating contexts. The (sub)scenarios
in which the process operates are determined by using the Markov chains embedded
in the detectors. The original operational semantics of SADF is based on the timed
probabilistic (labelled transition) system (TPS). We designed a semantic framework to
translate the original SADF models in terms of IMC by using delays governed by expo-
nential distributions to represent the firing of processes instead of constant firing time
in SADE This formal definition is implemented by using CADP toolset developed by
the VASY team at INRIA Rhone-Alpes. We also analyzed the non-determinism in the
resulting IMC and some issues encountered during the state space generation. Based
on the generated state space of IMC, we can do both functional verification and per-
formance evaluation on the system. We used the AcTL logic to check the functional
properties (e.g., deadlock, certain execution sequence of processes) of the IMC repre-
senting the SADF model and the temporal property like time until one process finishes
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its first execution is checked based on the transient analysis on CTMC with the aid of
extension of IMCs to IMC automata.

6.1 Future Work

Since we can not export the IMCs from the CADP toolset in which the probabilistic tran-
sitions in the original IMC are eliminated, we can only analyze the steady and transient
properties within the CADP toolset. Model checking with CSL logic [5] is not available
here to check the properties like “the expected time between two successive execution
of kernel RC”. Therefore, one direction of future work is to export the IMC without
probabilistic transitions (may be a CTMC) out of CADP, and analyze the resulting IMC.
On the other hand, the IMC is a behavior-oriented model which lacks of state-oriented
support. For instance, the time-average buffer occupancy can be computed if we can
get the steady probability of each state in the extended CTMC and the current buffer
numbers (variable values) of all channels in that states. Therefore, including the vari-
able values in the states of IMC (extended CTMC) is also a need, when we want to
check more properties of SADE. In our experiments, we have only consider the sce-
nario decision in the SADF specification based on a discrete-time Markov chain in the
detectors. If the scenario decision is changed to a non-determinism label transition
system (FSM) [18], the inherent non-determinism reveals in our IMC model. An even
more complex situation can happen when the execution (firing) times of processes are
also probabilistic distributed over different time sample space [41]. Then, the corre-
sponding IMC model bears internal transitions that cause non-determinism, Marko-
vian transitions and probabilistic transitions. The algorithm used in to eliminate
the probabilistic transitions are no longer feasible, since non-determinism caused by
T-transitions may exist between the Markovian transition and probabilistic transition.
Novel algorithm to eliminate the probabilistic transitions in the IMC is needed, then
the tool IMCA [4] may used to do performance evaluation.
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