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Abstract Oris is a tool for qualitative verification and
quantitative evaluation of reactive timed systems, which sup-
ports modeling and analysis of various classes of timed exten-
sions of Petri Nets. As most characterizing features, Oris
implements symbolic state space analysis of preemptive Time
Petri Nets, which enable schedulability analysis of real-time
systems running under priority preemptive scheduling; and
stochastic Time Petri Nets, which enable an integrated
approach to qualitative verification and quantitative evalu-
ation. In this paper, we present the current version of the tool
and we illustrate its application to two different case stud-
ies in the areas of qualitative verification and quantitative
evaluation, respectively.

Keywords Qualitative verification - Quantitative
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1 Introduction

Time affects the development of a large class of reactive sys-
tems, for either explicit real-time constraints or sequencing
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limitations resulting from timed behavior. This calls for mod-
els which explicitly address these factors in order to achieve
predictability, a requirement for critical applications. Formal
methods such as Timed Automata (TA) [1-3] or Time Petri
Nets (TPNs) [4—7] have been effectively adopted for model-
ing and validation of time-dependent systems. For all these
methods, the semantics of the system is defined in terms of
state transition rules driving the evolution of logical loca-
tions and of a set of quantitative clocks. While the former are
discrete, the latter take values in dense domains. To obtain
a discrete representation, the state-space is covered through
equivalence classes, each characterized by a time domain
collecting a dense variety of clock values [1-4,6,8-10]. A
number of tools [2,3,8—13] have been developed to sup-
port the formal verification of real-time systems. On the one
hand, in the context of TA, UPPAAL is a well-consolidated
tool for validation and verification of real-time systems mod-
eled as networks of timed automata extended with data types
[2,14]. It includes a model checker providing a diagnostic
trace that can be simulated to understand why a property
is (or is not) satisfied. The application of TA to scheduling
theory is enabled by the Times tool [11,15], which supports
modeling, analysis, and synthesis of schedules and execut-
able code. It allows the treatment of tasks with asynchro-
nous and dense release times, running under the most prac-
ticed scheduling disciplines. As a limitation, the underlying
analysis rules out nondeterministic computation times tak-
ing values within dense intervals. Kronos supports automatic
scheduler generation for systems modeled as TA [8] and auto-
matic generation of both non-preemptable and preemptable
code for embedded Real-Time Operating Systems (RTOSs)
[9,10]. On the other hand, in the context of TPNs, Tina
[13], and Romeo [12] are well-established tools supporting
the construction of various abstract state-space representa-
tions and the model-checking of reachability properties. As a
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relevant trait, Romeo also supports both approximate and
exact enumeration of the state space for an extension of TPNs
(Scheduling-TPNs) modeling preemption.

In this paper, we provide a description of the Oris Tool,
which integrates a rich set of modules for building, simulat-
ing, analyzing, and validating real-time systems described
through various TPN formalisms. In particular, Oris sup-
ports symbolic state space enumeration of preemptive Time
Petri Nets (pTPNs) [7,16], which extend the model of TPNs
[4,5] with a mechanism of resource assignment which con-
ditions the advancement of timers of enabled transitions. The
resulting formalism allows the representation of complex
and densely timed task-sets running under priority preemp-
tive scheduling, enabling reachability analysis and evaluation
of tight bounds on the time elapsed between events along
critical execution sequences. As a characterizing trait, Oris
also implements recently developed analysis techniques for
models represented as stochastic Time Petri Nets (sTPNs)
[17-22], which associate the static firing interval of each
transition with a (dense) probability density function. This
supports the integration of qualitative verification and quan-
titative evaluation, enabling the derivation of performance
measures.

In this paper, we give an informal description of the tool
focusing on examples and referring the reader to other papers
for formal description of analysis methods. In particular,
Sect. 2 provides a brief overview of Oris; Sects. 3 and 4
illustrate the application of the tool to qualitative verification
of pTPN models and quantitative evaluation of STPN models,
respectively; conclusions are finally drawn in Sect. 5.

2 An overview of the Oris Tool
2.1 Oris basic features

Oris is a tool for modeling and analysis of reactive timed
systems based on various classes of Petri Nets. As a salient
core capability, it supports qualitative and quantitative anal-
ysis techniques based on symbolic state space enumeration.
More specifically, Oris supports editing and analysis of the
following timed extensions of Petri Nets:

—  Time Petri Nets (TPNs): the classical model of [6], which
associates a dense timer to each transition.

— preemptive Time Petri Nets (pTPNs): an extension of
TPNs that supports the representation of suspension in
a manner that can compare with stopwatch automata
[23] and Petri Nets with hyper-arcs [24] and that can
be applied to the representation of preemptive systems
[7,16,25-27].
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— stochastic preemptive Time Petri Nets (spTPNs): a dis-
crete-time variant of TPNs based on a maximal step
semantics of concurrency that supports the representa-
tion of preemptive behavior and associates quantitative
probabilities with timers and switches [28].

—  stochastic Time Petri Nets (sTPNs): a kind of non-Mar-
kovian Stochastic Petri Nets obtained by extending TPN's
with a stochastic characterization of time distributions
and choices [17,18,20,21].

The Oris Tool also includes various additional components
with specific purposes:

— a module supporting timed animation with interactive
token game: it was recently extended to support also sto-
chastic simulation; however, the extension was instru-
mental to an internal experimentation and is presently
limited to models with uniform and exponential distri-
butions;

— amodule that supports the derivation of all the execution
traces between two events;

— a model checker for real-time temporal logic formulae
(state and action based, with timing constraints on tempo-
ral operators) [14]: as special features, the model checker
identifies all the witnesses that satisfy the formula and
the formulae can be expressed using a visual formalism
[29,30];

— amodule for the visual representation and inspection of
the dense variety of timings that is associated with any
execution trace;

— avisual interface for the automated generation of time-
line schemas of real-time task-sets; and

— a module for the automated translation of timeline
schemas into pTPN models and into code running under
RTAI [25,31,32].

2.2 Oris environment

The Oris Tool integrates a set of plugins that operate on timed
extensions of Petri Nets into a comprehensive development
environment, which supports the user along the steps of spec-
ification, verification, implementation, and testing. The envi-
ronment is hierarchically arranged into workspaces, projects,
and plugin documents: a workspace is made by one or more
projects, each including a set of plugin documents. A plugin
may produce one or more output documents and may require
a set of input documents produced by other plugins.

Figure 1 depicts the interface of the Oris Tool. The panel
Workspace on the left represents the composition of the cur-
rent workspace in a tree structure, where the current project
is highlighted in bold. Plugin documents are displayed in
the main tabbed panel and they can be created through the
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Fig. 1 A screenshot of the interface of the Oris Tool. The left panel
Workspace illustrates the structure of the current workspace Workspace,
which consists of projects Prjl, Prj2, and Prj3. The current project Prj2
includes the document timed-net, which is produced by the plugin Petri
Nets Editor and represents a TPN model. The toolbar Plugins enables
the buttons of plugins Logic Formulae Editor and Timelines Editor,

corresponding buttons of the toolbar Plugins. The user is
allowed to add a plugin document to the current project only if
the project contains all the documents that the plugin requires
in input. According to this, the toolbar Plugins enables only
the buttons of plugins whose documents can be added to the
current project.

2.3 Oris current release

The Oris Tool is developed by the Software Technologies
Laboratory of the University of Florence. To evaluate the
applicability of formal methodology, it was used in various
experiences of technology transfer targeting several steps of
real practice development processes, including model gener-
ation from semi-formal specification, automated code
generation, automated real-time test-case selection and sen-
sitization, and Execution Time profiling. Nevertheless, we
still think of it as a scientific workbench supporting experi-
mentation and integration of theoretical results.

Oris can be downloaded from the home page http://www.
stlab.dsi.unifi.it/oris/. The baseline release of the tool com-
prises the following modules: Petri Nets Editor, Timelines
Editor, Petri Nets Animator, Continuous Time Analyzer,
Trace Extractor, Logic Formulae Editor, Continuous
Time Model Checker, and Trace Explorer. Additional
components are provided on demand.

which do not require input documents, and those of plugins Petri Net
Animator and Continuous Time Analyzer, which require a Petri Net
model as input document. The input dependencies of all the other plu-
gins are not satisfied within the current project (e.g., the plugin Trace
Extractor requires the state space of a Petri Net model in input) and,
thus, their buttons are not enabled

3 Schedulability verification through pTPNs

PTPNs extend the basic model of TPNs by associating each
transition with the request of a resource set and with a prior-
ity level: an enabled transition is progressing and advances
its clock if no other enabled transition requires any of its
resources with a higher priority level; otherwise, it is sus-
pended and maintains the value of its clock. The resulting
formalism encompasses the representation of the suspension
mechanism and thus of preemptive behavior, allowing natural
description of complex real-time systems running under pre-
emptive scheduling, with periodic and sporadic tasks, with
nondeterministic Execution Times, with synchronization and
precedence relations. Note that some temporal parameters of
the model may be nondeterministic due to various practi-
cal factors: the arrival of asynchronous tasks is associated
with a minimum but not a maximum inter-time; the Execu-
tion Time of a computation may be associated with a non-
deterministic range of variation to make the model robust
with respect to possible variations of the implementation and
also to neglect dependencies among the Execution Times of
different computations; temporal parameters of a re-engi-
neered or reused component usually range within bound-
aries which over-approximate those of the implementation,
to avoid difficulties in obtaining a precise estimate of Exe-
cution Times and release times.

Syntax and semantics of pTPNs are formally expounded
in [7], together with related analysis techniques. Here, we
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Fig. 2 The pTPN model for a task-set made by four tasks synchronized on two semaphores

discuss a case example to the purpose of illustrating how the
Oris Tool supports the development of real-time preemptive
systems.

3.1 Specification of real-time task-sets

We consider a system comprised of four tasks T'sky, Tsko,
T sks, and T sky4, each characterized by a minimum and max-
imum computation time and running on a single cpu. Tasks
T'sky, Tsky, and T sk3 are periodic with period of 30, 60, and
80 time units, respectively, and they run at priority level 4, 3,
and 2, respectively (in the Oris Tool, high priority numbers
run first). Task T'sky is sporadic, with minimum inter-arrival
time of 100 time units, and runs at priority level 1. Tsk; and
T sk have two computation steps with Execution Time com-
prised between 4 and 6 time units; 7T'sk3 and T sk4 have two
computation steps with Execution Time comprised between
2 and 4 time units. The first computation step of T'sk; and
the second computation step of 7'sk4 require the binary sem-
aphore s to enter a critical section, while the second com-
putation step of T'sky and the first computation step of 7 sk3
require control over the binary semaphore s;.

Figure 2 shows the pTPN model that corresponds to the
above specification. Repetitive task releases are represented
by always-enabled transitions 19, 20, 30, and #49. Computa-
tion steps are represented by transitions 12, 113, 21, 123, 133,
134, t41, and t44, having firing intervals equal to the corre-
sponding min-max range of Execution Time. Wait opera-
tions on semaphore s (represented by place s1) are modeled
by transitions #11 and #43, while signal operations are repre-
sented by transitions #17 and 744, which also account for the
completion of computation steps. In analogous manner, tran-
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sitions 27 and #3, account for wait operations on semaphore
s> (modeled by place s7) and the corresponding signal oper-
ations are represented by transitions 3 and #33. In order to
avoid priority inversion, the priority ceiling emulation proto-
col [33] is assumed, according to which the priority of a task
that attempts to acquire a semaphore is raised to the highest
priority of any task that ever uses that semaphore. According
to this, the priority of tasks T'sk3 and T sky is raised to level 3
and 4, respectively, in the sections where they access a critical
section. Priority boost operations are modeled by transitions
131 and t47, while the corresponding deboost operations are
represented by transitions #33 and 744 which also account for
the completion of computation steps.

The Oris Tool also supports modeling of real-time task-
sets through timeline schemas, a semi-formal specification
based on an intuitive graphical notation which provides mod-
eling convenience and facilitates industrial acceptance.
Figure 3 shows the timeline schema that corresponds to the
pTPN model of Fig. 2: tasks are characterized by their release
interval and their deadline; computations are represented
by segments annotated with min-max interval of Execution
Time, with resource reclaiming and static priorities; sema-
phore operations are represented by circles. The Oris Tool
supports the automated translation of timeline schemas into
pTPN models through the Net&Code Generator.

3.2 Verification through simulation and analysis

A first understanding of dynamic behavior of a model can be
obtained through the Petri Nets Animator which executes the
model through a token-game (see Fig. 4). Animation can pro-
ceed in continuous mode or step-by-step: in the first case, fir-
ing times of transitions are randomly chosen by the Animator
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Fig. 4 Animation of the pTPN model of Fig. 2 through the Petri Nets Animator. The panel on the right enlists fired transitions, specifying their
Execution Time and the corresponding absolute time since the start of the simulation

within their respective firing intervals; in the second case, the
user has control over transition Execution Times. The Ani-
mator also supports the evaluation of the probability of each
reached marking (in a Petri Net, the marking identifies the
logical location of the system and identifies the set of enabled

transitions) and the mean Execution Time of paths specified
in an input document.

Exhaustive verification of the model is obtained only
through the enumeration of the whole state space, which
requires a symbolic approach. In fact, the state of timed
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Fig. 5 The Logic Formulae Editor transposes the formal textual syn-
tax of temporal logic formulae into an intuitive graphic representation.
With reference to the pTPN model of Fig. 2, the formula identifies the

extensions of Petri Nets depends not only on the marking but
also on timers associated with transitions. While markings
are discrete, timers take values in a dense space. To obtain
a discretely enumerable reachability relation, the state space
must be partitioned into equivalence classes, each collecting
a dense variety of states. This is obtained by collecting the
states that are reached through the same firing sequence but
with different times; the state space is thus covered using
state classes, each represented as a tuple S = (M, D) where
M is a marking and D is a firing domain which identifies a
(dense) set of values for the timers associated with enabled
transitions. While the marking M is represented in a straight-
forward manner, the firing domain D must be encoded as the
space of solutions for the set of constraints limiting the tim-
ers of enabled transitions. A state class Sy is reachable from
class S through transition 7o if and only if Sp contains all
and only the states that are reachable from some state col-
lected in S through some feasible firing of #y. Enumeration
of the reachability relation among state classes leads to the
construction of the so-called state class graph (SCG) [6,34].

In the analysis of TPN models, firing domains are effi-
ciently encoded as Difference Bounds Matrixes (DBMs)
[34,35]. State-space analysis of pTPN models, instead,
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execution traces of task T'sk3 (i.e., the execution traces that start with
a firing of 139 and end with the firing of 34 without any intermediate
firing of #34) with completion time higher than 80 time units

involves clocks that can advance with non-uniformrate across
different logical locations, so as to represent a computation
that can be suspended and resumed in subsequent stages of
the execution. This requires the enumeration of complex time
domains, which can no longer be encoded as DBMs, chang-
ing the nature of time and space complexity. In order to avoid
exponential complexity in the derivation and representation
of state classes, [7] derives the tightest conservative-
approximate DBM representation of the state-space using a
refinement of the approximation proposed in [23], for which
reachability has been proven to be not decidable. The approx-
imate representation of the state-space is still sufficient to
identify all the traces that can be critical with respect to
requirements pertaining to the logical sequencing or to the
quantitative timing of events. Moreover, the constraints
encoded in the classes visited by any critical trace are suffi-
cient to re-construct the exact set of timings that are feasible
for the trace itself, thus opening the way to the clean-up of
false behaviors [7].

The Continuous Time Analyzer performs the analysis of
both TPN and pTPN models, implementing the analysis tech-
niques reported in [6,7]. It produces as output the graph of
reachable markings and the SCG, both in text and GraphML
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Fig. 6 The Trace Explorer implements different methods to select a profile within the dense set of timings associated with an execution sequence

format (GraphML is an XML-based file format for graphs,
which is supported by various graph editors).

3.3 Properties verification through model checking

The SCG obtained by the Continuous Time Analyzer can be
used as an input for the procedure of correctness verification
through model checking. In the Oris Tool, the Continuous
Time Model Checker has the capability of generating all the
symbolic paths in the SCG that match a given specification.
This, in turn, is formalized using a branching-time temporal
logic, which extends the existential subset of Computation
Tree Logic (CTL) [36], enabling the expression of conditions
on states (markings) and actions (transitions) [37]. In addi-
tion, it supports the expression of temporal constraints on
operators Until, Eventually and Always, in the style of Real-
Time Temporal Logic (RTTL) [38].

With reference to the example of Fig. 2, we want to check
if it is possible that a new instance of task 7'skj3 is released
while a previous instance is still pending. Referring to the
pTPN model in Fig. 2, we need to check if the SCG contains
any symbolic execution sequence that (i) starts with a firing
of 139, (ii) ends after more than 80 time units with the firing
of 134, and (iii) does not include an intermediate firing of #34.
The following formula identifies such sequence:

Xy (1) -y, UL+

134 (true))

In the example, the Next operator (X) is used to find all the
state classes that admit the firing of transition #39, which mod-
els releases of task T'sk3. The Until operator (U) requires that
the task instance corresponding to a given release ends no
earlier than 80 time units. Note that the formula is expressed
on actions, since state-based conditions are set to true. The
Continuous Time Model Checker provides all the traces that
satisfy the given formula and computes the corresponding
minimum and maximum Execution Time. The composition
of the logic formula is aided by the Logic Formulae Edi-
tor, a visual tool which transposes the formal textual syntax
into intuitive visual representation [27], thus reducing usage
effort and error frequency (see Fig. 5).

The identification of traces that start with a task release and
end with its completion is also supported by the Trace Extrac-
tor, which enables the derivation of execution traces that start
and end with the firing of two specified transitions. Each trace
is associated with minimum and maximum Execution Time,
thus permitting to verify whether the task meets its deadline.
In the example of Fig. 2, tasks T'sky, T'sky, Tskz, and T ska
have a Worst Case Completion Time (WCCT) of 16, 28, 48,
and 52 time units, respectively, and they thus meet their dead-
lines with minimum laxity of 14, 32, 32, and 48 time units,
respectively.
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Fig. 7 The sTPN model of the
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3.4 Timeliness analysis of model traces

The dense variety of timings that can be applied to an execu-
tion sequence results from the combination of a number of
non-deterministic variables, representing the sojourn times
in the classes along the trace itself [7]. Each of these vari-
ables ranges within a minimum and a maximum value and
they may depend on each other. The Trace Explorer enables
interactive exploration of these dependencies. In particular,
the user can apply four different heuristics to select a timing
profile for a trace: local latest heuristic constructs the tim-
ing profile by always selecting the maximum sojourn time in
each visited class; global latest selects a timing profile which
maximizes the Execution Time of the last event in the trace;
local earliest and global earliest work in similar manner.
With reference to the example of Fig. 2, we consider a
symbolic run identified through the Trace Extractor as a case

@ Springer
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P11

D7

tg
[0, 1]

in which task 7 sk3 may attain its WCCT of 48 time units: the
trace starts from state class Si319, which is entered through
the firing of transition #3¢, fires the sequence 143, t19, f44, 11,
112, 113, 21, 122, 123, 131, 132, 110, 111, t12, 113, 133, 134, and
finally reaches state class Si279. Figure 6 shows a screen-
shot of the Trace Explorer illustrating the application of the
global latest heuristic to the selected trace. The diagram par-
titions the temporal axis with vertical lines corresponding to
transition firings and, for each transition in the run, shows a
timeline which makes evident the periods in which the asso-
ciated clock has been progressing (solid line) or suspended
(dashed line). In the example of Fig. 6, task T sk3 undergoes
preemption by the other three tasks, and it is first suspended
from the start of the trace until time 28 and then from time
30 until time 42. The diagram also visualizes the range of
variability of each clock above the horizontal time axis: this
range can be repeatedly restricted through the introduction of



Oris: a tool for modeling, verification and evaluation of real-time systems

399

L0.56: p1 p9
l1=<tls<s

10.59: p3 p9
4<t4=<5

1410
18 0.75

10

7 05 L0.55: p2 p9

2 05 0=t < +INFInj— 19 [71057: p3 p6 po
10.54: pl p5 p9 / S5<td<5 [n]
2<tl<5

310

=tl<
0<t2<1 [n]
0<t7=<1 [n]

L0.58: p1 p4 p9
tl 10 5<tl<5 [n)
F——— 0=t6=1 In]
4stlss © 05 0=tll<1 [n] uz 10

111 05

10.53: p1 p8
4<tl<S5
0s<t12<2 [n]

t10 05

P
1<5 [n]
6

0=<t8=<1 [n]
0=<tl3<2 [n]

13 0.25

10.510: p3 p10
4<td=<5
0<tl5<2 [n]

t14 05

s 10 L0.514: p3 p6 p11
5<td<5 [n] 18 05
0<t8=<1 [n] f———of LOS15:p3pll
0<tl4<1 []| "1 4<t4s5

10.512: p3 p7 p11
2<t4<5 w10

0st5<1 [n]

110 < 1 [n]‘m

10.50: p0 p11
0 <10 < +INF [n]

5 05
|~ L0sws1 W] 4

L0.513: p3 p11

1110 /6 05

10.52: p1 p11
4=tls5

Fig. 8 The SSCG of the sTPN model of Fig. 7

a lock which forces any clock to take a specific value within
its acceptable interval or to take values within a subset of
its acceptable interval, thus reducing the range of variability
of the profile caused by dependencies among clocks. In the
example of Fig. 6, transition 34 can fire within [40, 48] time
units since the start of the trace; however, the firing of tran-
sition #33 at time 44 restricts the range of variability of the
Execution Time of 34 to [46, 48] time units.

3.5 Code generation and Execution Time profiling

A pTPN model can be implemented on top of the primitives
of an RTOS. The Net&Code Generator supports the auto-
mated translation of the timeline schema of a real-time task-
set into C-code running under RTAI [32]. As characterizing
features, the architecture of the code has a readable struc-
ture and preserves semantic properties of the corresponding
pTPN model. This leaves the developer full control over the
code and makes the model an oracle against which code exe-
cutions can be compared.

The Net&Code Generator also supports code instrumen-
tation, in order to obtain a time-stamped log of events that
correspond to transition firings in the pTPN model. The Petri
Nets Simulator supports the reconstruction of the Execution
Time of each computation step through a measurement-based
approach in interrupted mode [39], performs off-line evalu-
ation of execution logs, and provides a measure of attained
coverage in the state-space, thus enabling conformance veri-
fication with respect to sequencing and timing requirements.

l=t4=5

Finally, the Net&Code Generator supports the implemen-
tation of a busy-sleep function, which is employed to emulate
computation steps in the first stages of development, when
entry-point methods that implement functional behavior are
not yet available. As the development process advances,
entry-points become available and they are separately
plugged into the emulated architecture. This supports unit
testing of individual computation steps and enables their
incremental integration testing.

4 Performance evaluation through sTPNs

TPNs do not allow the characterization of feasible behav-
iors with a measure of probability, an essential step towards
dependability and performance evaluation. To overcome this
limitation, Vicario et al. [17] defines the formalism of sSTPNs
by extending TPNs through the association of the static fir-
ing interval of each transition with a (dense) probability den-
sity function. Syntax, semantics, and steady-state analysis of
sTPNs are formally treated in [17,18]. Here, we report an
informal description which is instrumental to illustrate the
application of the Oris Tool to performance evaluation of
systems.

4.1 Specification of sTPN models
As an example, we consider the case of the Alternating bit

protocol, which has been largely addressed in the literature
of TPNs. In particular, we present the STPN extension of the
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Fig. 9 The state density
function f4(71, 72, 77) of
stochastic state class Sy of the
sTPN model of Fig. 7, drawn
under the assumption that 77 is
equal to 0

TPN model presented in [5], in which the protocol is verified
through an enumerative approach.

The protocol delivers messages and acknowledgments
between two entries using a non-reliable transmission chan-
nel. Recovery of both messages and acknowledgments are
ensured by a timeout-and-retransmitting mechanism. The
acceptance of duplicate messages is avoided by numbering
messages with modulo 2 sequence and marking the acknowl-
edgment with the same number of the packet received. The
model is shown in Fig. 7. Transitions 1y, #3, t12, t15 are
responsible for sending messages and acknowledgments;
transitions t1¢, #11 and f13, 14 model the rejection/release
of a received message, respectively; transitions f, and f5
represent the receipt of acknowledgments; finally, transi-
tions #¢ through 79 model message/acknowledgment loss. We
extend the original TPN model by assuming exponential dis-
tributions for transitions modeling message releases and uni-
form distributions for any other transition. The Petri Nets
Editor supports the specification of sSTPN models, allowing
the selection of a probability density function for each tran-
sition.

4.2 Performance evaluation through stochastic analysis

The analysis of sSTPN models requires the derivation of a
density function which characterizes the probability of indi-
vidual timings comprised within the boundaries of a DBM
time domain. This leads to the introduction of stochastic state
classes, which extend state classes and their reachability rela-
tion by enriching firing domains with a state probability den-
sity function [17,20,21]. According to this, algorithms for
detection and computation of class successors are combined
with the evaluation of successor probability and with the sym-

@ Springer

bolic derivation of state density functions: a closed-form cal-
culus supports efficient analysis for the class of models with
timers that are immediate, deterministic, and expolynomially
distributed. The resulting stochastic state class graph (SSCG)
is thus an extension of the SCG of the underlying TPN model,
that maps each state class on one or more stochastic state
classes.

The SSCG is instrumental not only to the verification of
correctness properties pertaining to the logical sequencing
and the qualitative timing of events, but also to the deriva-
tion of performance measures. In fact, the theory of stochas-
tic state classes enables the evaluation of the probability of
selected execution traces and the symbolic derivation of the
distribution of their feasible timings, and supports steady-
state analysis based on Markov Renewal Theory.

An approximate analysis technique is developed for mod-
els where all timers with infinite support have exponential
distribution [18]. Under this assumption, multivariate distri-
butions associated with stochastic state classes are approxi-
mated through Bernstein Polynomials [40,41], enabling the
analysis of models where the enumeration of the state space
is unfeasible due to practical factors of explosion or to the
presence of cycles with overlapping activity of non-Markov-
ian transitions.

The Continuous Time Analyzer implements the analysis
techniques of [17,18], relying on a C++ library that imple-
ments the symbolic calculus of integral functions under the
assumption that static probability density-functions of non-
deterministic transitions are expolynomial functions. Both
textual and GraphML representations of the SCG and the
SSCG are provided, facilitating the identification of stochas-
tic state classes having the same marking and temporal
domain but different state density functions. In the textual
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representation of the SSCG, state density functions are rep-
resented according to the format used by Mathematica [42].

In the example of Fig. 7, the analysis method described in
[17] leads to the enumeration of 16 stochastic state classes.
Figure 8 shows the SSCG of the model. As a case exam-
ple, the state density function of stochastic state class Sy is
illustrated in Fig. 9.

The DBM time domain D4 of class Sy is

where 11, 72, and 77 represent the times to fire of transi-
tions t1, 2, and t7, respectively. The state density function
fa(t1, T2, 77) has piece-wise representation over DBM sub-
domains Dy 1, D42, and D43 of Dy:

fa(t1, .2, 77)
2-27 4057} if (11,72, 77) € D4y
=105 if (11,172, 17) € D42
~75+471 057 if (11,7, 77) € Da3

where
2<1<3 3<1<4
Di1=10<1m=<1 D4p,=10=<nn=1
0§‘L’7§1 051’751
4<71 =<5
Diyz;=10=<m =1
0<1m<l1

On the one hand, the SSCG is employed in the verifica-
tion of correctness properties. For instance, we can verify that
the timeout is correctly set so as to guarantee that only one
message/acknowledgment is pending at a time and that no
duplicate message is sent. This is easily proven by checking
that, in any marking, all places hold at most one token.

On the other hand, the SSCG supports the evaluation of
performance measures on the model under consideration.
Since each edge is associated with a firing probability, it is
possible to evaluate the probability of any execution trace of

. . t
the model. For instance, the execution sequence p = S -

t t . .
S3 Xz Sy 3 S5, which corresponds to the successful deliv-

ery of a message and the corresponding acknowledgment,
has a probability of 0.25.

The Continuous Time Analyzer also provides the proba-
bility density function (in Mathematica format) of the
completion time of any path between any two regeneration
classes. Figure 10 illustrates the probability density function

401
05
0.4
03
0.2
0.1
1 2 3 4

Fig. 10 The probability density function f(x) of the completion time
12

of the trace S a9 S3 — Sy REY S5 in the SSCG of the sSTPN model of
Fig. 7

f (x) of the completion time of the trace p:
x2 —0.667x3 4 0.083x*
ifx €[0,1)
—0.833+2.667x — 2x2 +0.667x3 —0.0833x*
ifx €[1,2)
fx)=
—10.167 + 14.667x — 7x2 4+ 1.333x3 — 0.0833x*

if x € [2,3)

21.333 —21.333x + 8.0x2 — 1.333x3 +0.0833x*

if x € [3,4]

5 Conclusions

The Oris Tool provides a comprehensive environment that
integrates a rich set of modules supporting specification and
analysis of various classes of reactive timed systems. As a
characterizing trait, it manages both preemptive and stochas-
tic models, enabling the integration of qualitative verification
and quantitative evaluation. Oris is mainly a research tool,
intended to comprise a framework where theoretical devel-
opments are put to the test of experimentation. In the years,
this has addressed many different scenarios, and it has been
applied to solve various classes of problems and to support
several activities of real practice processes.

Theoretical results pertaining to the analysis of preemp-
tive models [6,7,16] are largely consolidated now and by far
ready for application. In the development of real-time pre-
emptive systems, the Oris Tool supports in organic manner
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verification, implementation, and testing activities [25-27].
These include modeling based on a semi-formal specifica-
tion and automated translation into the corresponding pTPN
model, schedulability analysis, automated generation of real-
time code running under RTAI, a simple yet effective mea-
surement based approach to Execution Time profiling, test-
case selection and execution, evaluation of executed tests
and coverage measure. These development practices have
been brought to application and concretely experimented in
the industrial context of Galileo Avionica-Firenze, as a part
of the SW Initiative of the Finmeccanica Group under the
research line “Design and Verification Methods for Concur-
rent Real Time SW”. Recently, they have also been applied
to the construction of real-time hierarchical scheduling sys-
tems, which provide partitioning and reduction of complexity
and thus open the way to cope with state space explosion in
the analysis of complex systems.

Stochastic analysis [17,18,20,21] has a more recent his-
tory and the development effort has mainly focused on issues
and techniques to overcome practical limitations. We are
presently working on various directions that aim at support-
ing probabilistic test-case selection and sensitization, deriva-
tion of quantitative reward measures, monitoring of real-time
systems [43,44].
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