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Abstract: Modeling and verification of the correct behavior of embedded real-time systems with strict
timing constraints is a well-known and important problem. Failing to fulfill a deadline in system
operation can have severe consequences in the practical case. This paper proposes an approach to
formal modeling and schedulability analysis. A novel extension of Petri Nets named Constraint Time
Petri Nets (C-TPN) is developed, which enables the modeling of a collection of interdependent real-
time tasks whose execution is constrained by the use of priority and shared resources like processors
and memory data. A C-TPN model is reduced to a network of Timed Automata in the context of the
popular Uppaal toolbox. Both functional and, most importantly, temporal properties can be assessed
by exhaustive model checking and/or statistical model checking based on simulations. This paper
first describes and motivates the proposed C-TPN modeling language and its formal semantics. Then,
a Uppaal translation is shown. Finally, three models of embedded real-time systems are considered,
and their properties are thoroughly verified.
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1. Introduction

In the last years, the diffusion of embedded real-time systems [1] in such application
domains as automobiles, communication networks, Internet-of-Thing devices [2] and so
forth, has placed in great evidence the importance of assuring the logical and temporal
correctness (fulfillment of deadlines or end-to-end delays) of these systems. Failing to
guarantee that some tasks meet their strict timing constraints can have severe consequences
in practical cases. Nowadays, there is a widespread consensus on the use of formal tools
for modeling and property checking of real-time systems. A fundamental aspect concerns
the modeling of task preemption, that is, the capability to interrupt a task execution, store its
control status and replace the task with a different one whose execution is resumed from
the point it was last left off or from its beginning. Task preemption is required to enforce an
execution environment where, from time to time, only the most important next action, that
is, the one having the highest priority, is permitted to progress. These issues are practically
the responsibility of a real-time operating system (RTOS) [3], which can operate according
to fixed, pre-runtime established priorities or with dynamically defined priorities, e.g.,
the Earliest Deadline First algorithm [3-5]. From the viewpoint of formal modeling, task
preemption can be achieved by using stopwatches [6], that is, clocks whose advancement can
temporarily be stopped and subsequently resumed. Stopwatches have been experimented
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with both in extended Time Petri Nets (TPN)-based [7] tools, e.g., SETPN (Scheduling
Extended TPN) [8], IHTPN (Inhibitor Hyperarcs TPN) [9], ROMEO [10], TINA [11,12],
ORIS [13,14], ITPN (Inhibitor arc TPN) [15], and in Timed Automata (TA)-based [16] tools
like Uppaal [17-21]. However, the use of stopwatches complicates the generation of the
state execution graph and the analysis of a system model, which can become undecidable.
A lot of work has been successfully carried out with the use of normal, not stoppable clocks
in time-dependent models. In these cases, in fact, it is possible to build the state graph, e.g.,
of a TA model [17], by compact data structures representing state classes. A state class is a
node composed of a data part that holds the valuation of data variables in a given execution
state of the model, and a time part, which is a set of clock inequalities conjunctions (zone)
that characterize, in a compact way, all the possible occurrence times for entering the
particular execution state. It has been shown that, in many cases, although the use of a
dense time model and thus of infinite occurrence times of state transitions, the state graph is
finite and contains convex zones which enable, by exhaustive model checking [17], a rigorous
assessment of both functional (e.g., reachability) and temporal (e.g., deadline fulfillment)
properties, with the mediation of a proper temporal logic language for expressing the
property queries to navigate the state graph. The fundamental consequence of using
stopwatches in a model is that time zones are no longer convex and over-approximation
techniques [6] can be introduced to permit property exploration. A non-convex zone is
turned convex by expanding it, thus including time states which logically are not part of
the original system model behavior. Despite the use of over-approximation, the modeler is
normally capable of extracting important information, e.g., ensuring that safety properties
hold, or predicting the Worst Case Response Time (WCRT) of real-time tasks, by model
checking activities. In addition, the use of Statistical Model Checking [18,22], which does
not build the state graph and instead uses simulations to infer properties, can significantly
contribute to the analysis of a real-time system.

The main contribution of this paper concerns the proposal of a formal modeling and
verification method for embedded real-time systems with timing constraints, which is based
on a purposely developed extension of Time Petri Nets (TPN) [7], named Constraint Time
Petri Nets (C-TPN), which is structurally reduced to the Timed Automata of the Uppaal
toolbox [17,18]. The approach specifically addresses task preemptions and schedulability
analysis of a modeled system, similar to existing tools based on TPN extended with
stopwatches and preemption [8-15]. Differences introduced by the C-TPN/Uppaal tool
from other known TPN-based tools can be characterized by first summarizing the main
features of existing tools as follows:

e TPN-based tools normally depend on a special case implementation of the computa-
tional state graph based on the over-approximation, which in some cases can furnish
more strict predictions of the WCRT of tasks.

e  They enable the schedulability analysis of a real-time system according to fixed priori-
ties only. In addition, static priorities of tasks can often be specified by using inhibitor
arcs [9,15], which cause visual cluttering in modeling complex systems.

e  Some tools [8,13,14] permit a source model to be split among multiple processors [23]
and the internal control flow of tasks to be specified by detailing the mutex objects
protecting shared data or the exchange of messages between tasks.

Distinguishing features introduced by the proposed C-TPN/Uppaal tool are highlighted
below:

e  The tool depends on the state graph built by Uppaal on a reduced TA model of a source
C-TPN net. A reduced model, with over-approximation, can be thoroughly analyzed
by exhaustive model checking and the overall schedulability rigorously assessed along
with the WCRT of tasks. In addition, the Statistical Model Checker of Uppaal can be
exploited for the graphical monitoring of particular executions of a real-time task set,
for example, to observe the preemptions/suspensions and the subsequent resumes
of specific task actions/transitions. All of this can help the modeler’s reasoning and
expectations about the behavior of a real-time model.
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e  Both statically and dynamically defined task priorities are supported. This way,
more general schedulability schemes can be studied, including the EDF scheduling
policy [3-5], which has been demonstrated to be capable of better exploitation of
the computing resources and can be a choice of the RTOS managing a final model
implementation.

e Similar to TPN-based tools in [8,13,14], both the internal control and data aspects
of tasks can be specified, e.g., the mutex objects used to protect shared data or the
messages exchanged between tasks. In addition, the partitioning of tasks among
multiple processors is supported.

The power and flexibility of a C-TPN model derive from the introduction of high-level
constraint functions attached to transitions. Constraint functions capture and hide model-
wide conditions (e.g., scheduling issues like priorities), which can require the stopwatch
associated with a transition to be temporarily stopped or its advancement resumed. As a
side benefit, the use of constraint functions improves the readability of models and permits
inhibitor arcs to be employed in the usual way for modeling purposes.

This paper is structured as follows. Section 2 describes the basic concepts, syntax and
formal operational semantics of the C-TPN modeling language. Section 3 details a reduction
of C-TPN models onto Uppaal Timed Automata. Section 4 shows the resultant approach in
action through three task modeling examples, with increasing scheduling difficulties, and
their in-depth schedulability verification. Finally, Section 5 presents conclusions together
with an indication of ongoing and future work.

2. Constraint Time Petri Nets

This paper is focused on the use of Petri Nets [24] for modeling embedded real-time
systems. A Petri Net (PN) model (see Figure 4) is made up of two kinds of subjects, places
(represented by circles) and transitions (denoted by black bars), interconnected by weighted
directed arcs. Input arcs link places to transitions. Output arcs connect transitions to places.
Although the interpretation of a PN is ultimately a matter of the modeler’s intents, places
are often used as containers of resources (messages, memory data, processors and so forth).
Transitions, instead, denote events or actions that may occur in the system model. Tokens
(black balls or non-negative integers reported inside a place) are generic resources assigned
to places. Their number changes during the evolution of the model. The number of tokens
in a place denotes its local status and it is said to be its marking. The distribution of tokens,
at a given moment, among the places of a model, represents the global status of the Petri
Net; it is said the marking of the model that is often indicated by M. In the classic Petri
Net formalism, transitions are viewed as untimed events. They can instantaneously and
atomically occur (firing process) by consuming tokens from the input places (preset of
the transition) and generating tokens in the output places (said postset of the transition).
However, for a transition to possibly fire, it must satisfy the precondition of being enabled.
A transition is said to be enabled if enough tokens are available in each place of the preset,
as demanded by the weights of the input arcs.

The power and flexibility of Petri Nets are mainly due to their ability to represent
concurrent/distributed systems with non-determinism (among multiple simultaneously
enabled transitions, one is randomly selected for firing), conflicts (two or more transitions
that share some input places in their presets can fire in such a way that one excludes,
momentarily, the other to consuming shared scarce tokens), mutual exclusion (which is a
consequence of a conflict), message passing features and so forth.

In the context of timed systems, Petri Nets are augmented by timing attributes (e.g.,
Time Petri Nets [7]), often in the form of a time interval [a,b], 0 < a < b < oo, with a,b in
Q+, associated with each transition [7]. The time quantities a and b are relative to the last
instant that the transition became enabled. In this way, a firing duration is introduced for
each transition, which at least evaluates to a and, at the maximum, is prolonged to b time
units. Time progression is controlled by a local clock x|t] associated with the transition t,
which is reset at the enabling instant of t and goes on to measure the time elapsed. Normally,
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all the active clocks in a TPN model increase at the same rate. In the case that the clock
x[t] can be temporarily stopped and subsequently resumed, as required for modeling task
preemption in a real-time system, it becomes a stopwatch.

Specific technical issues of the proposed Constraint Time Petri Nets (C-TPN) formal
modeling language are clarified in the following sections.

2.1. Syntax

The C-TPN modeling language extends the basic Merlin & Farber Time Petri Nets
(TPN) formalism [7], which has been proven to be effective for the specification of real-time
systems with timing constraints. The extension specifically addresses the modeling of
embedded real-time systems in the presence of stopwatches and task preemption [8-15],
and in particular of scheduling constraints (static or dynamic priorities associated with
transitions), multiple processors, shared data and control aspects among tasks [8,13,14].
The support of dynamic priorities, though, is a distinguished feature of C-TPN.

In the following, N denotes the set of natural numbers {0,1,2,...}. A C-TPN net

model [24] is a tuple {P, T,F, W, M", EFT, LFT,C} where

e Pisanon-empty set of places, P = {pl,pz, - Pp| };
e Tisanon-empty set of transitions, T = {tl,tz,. . .,t|T| }, PNT=0;

e  Fis the flow relation: F C (PxT)U(TxP), that is, the set of possible directed arcs
connecting input places to transitions and transitions to output places;

e W is the weighting function of arcs: W: F — N;

M? is the initial marking of the model: M%: P — N;

EFT and LFT functions specify, respectively, the Earliest Firing Time and the Latest Fir-
ing Time statically associated with each transition [7]: EFT : T — N, LFT: T — NU{c0},
0 < EFT(t) < LFT(t) < oo;

e C:T — bool is the constraint function of a transition, false by default when not
specified. A true value of C(t) mirrors the fact that at a given moment, the transition t
is constrained by the model state, and its clock must be stopped. Clock advancement is
resumed as soon as C(t) evaluates to false. The definition of C(t) is model-dependent
and purposely can express scheduling concerns like a static or dynamic priority
assigned to the transition, along with the processor, on top of which the transition is
assigned for execution (see later in this paper).

It is worth noting that the time intervals of transitions are assumed to be dense and
of real values, although the bounds are supposed to be expressed by natural numbers
only. The syntax of C-TPN makes it possible to also exploit in a model input inhibitor arcs
(ending with a small circle as shown in Figure 12), which have a 0 weight. In a C-TPN
model, an inhibitor arc contributes to transition enabling in the usual way of a negative test:
checking that an input place has no token. For simplicity, normal arcs with default unitary
weight will be drawn without an explicit weight indication. The preset (input places) and
postset (output places) of a transition t € T will be denoted, respectively, as *t and t°.

2.2. Formal Operational Semantics

The formal semantics of a C-TPN model can be provided by a Labelled Timed Tran-
sition System (LTTS): {S,s0, —} where S is a set of states, s0 is the initial state and — is
a state transition relation [25]. States of a C-TPN model mainly relate to its marking and
the states of the transitions and their stopwatches. The following are some basic helper
functions. The first one is a boolean function with no effect on the state of the net, the others
are void functions governing the firing process of a transition.

enabled(t,M): Vp € *t: (M(p) > W(p,t) AW(p,t) >0)V M(p) =0AW(p,t) =0)

withdraw (t, M,M’) :¥p € *t: M'(p) = M(p) — W(p,t)



Mathematics 2024, 12, 812

50f25

deposit(t, M',M”): ¥p € t*: M"(p) = M/(p) + W(t,p)

Although transition firing is an atomic process, the above functions help clarify that
the firing process correctly consists of two sub-steps: the withdrawal and the deposit steps.
These distinct sub-steps are necessary because a place can be used both as an input and
as an output place, and a transition can lose its enabling, due to a conflict, immediately
after the withdraw sub-step, and then re-gain the enabling following the deposit sub-step,
but in these cases, its clock must be correctly reset after the withdraw. Other fundamental
Boolean functions follow:

activated(t,M) : enabled(t, M) and not constrained (t, M)

suspended(t, M) : enabled(t, M) and constrained(t, M)

The constrained(t, M) function evaluates the constraint function C(t) of the transition
t in the current marking M. The only difference between the activated and suspended
state of an enabled transition is the management of the underlying clock, which in the first
case can progress, whereas in the second case, it is temporarily blocked. For a disabled
transition, the underlying clock plays no role, but it could also be reset and frozen to 0
for convenience.

Each possible execution state s has the following component sets:

eT(M) = {t € T : enabled(t,M)} is the set of enabled transitions in marking M;
aT(M) = {t € T : activated(t, M)} is the set of active transitions in marking M;
sT(M) = {t € T : suspended(t,M)} is the set of suspended transitions in marking M;
fT(M) = {t € aT(M) : EFT(t) < x(t) < LFT(t)} is the set of fireable transitions in marking M.
Among the fireable set fT(M), one transition can be chosen non-deterministically
for completing its firing. In addition, the single-server semantics is assumed. In other
words, each transition consumes its enabling one at a time, sequentially. It should be noted
that a fireable transition can actually complete its firing at any time instant of its interval
[EFT(t), LFT(t)] and then also at, but never beyond, its last LFT(t), provided the transition
remains continually enabled. Of course, a transition t can lose its enabling for a conflict,
or it can become suspended at any time from the enabling instant until its last firing time:
x[t] < LFT(t).
The initial state s0 directly mirrors the consequences of establishing the initial marking
MY in the C-TPN model. Moreover, in particular, the initial value of eT (MO), aT (MO),

sT (MO> and fT (MO) are computed. From then on, two possible transitions — can be
executed, thus moving the LTTS from one state to the next one. The first transition is the

delay transition g, which advances the system time, and then the clocks of active transitions
in aT(M) of a permitted amount of d time units. Executing this transition, the marking

M of the model remains unchanged. The second transition - is the instantaneous action
transition that completes the firing of a C-TPN transition t, and stores/updates its effects on
the state component sets to reflect the marking changes in the net model. A definition of
the two transitions follows.

2.3. Delay Transition LN

A first change in the system state can occur by the advancement of time only, with-
out modifying the net marking M. If A is the minimal value between the minimal time
duration required by the clock x(t) of any active transition t for reaching its LFT(t) (that is:
mingeerpv) {LFT(t) — x(t)}), and the minimal time duration that is needed by the clock
of an active but not yet fireable transition t to reach its earliest time EFT(t) (that is:
mingc, v\ frov) { EFT(t) — x(t) }), then a delay transition can occur whose effects cause any
active clock to be advanced of an amount d. This amount d is chosen non-deterministically
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between 0 and A. More formally (the formal notation specifies the transition, its effects and

: T . transition ition):
its precondition as: ef fects precondition):

Let A be the min{mintemM){LFT(t) —x(t) }, minge vy erov) {EFT(t) — x(t)}} we
have that

M3 M
vVt € aT(M) : x(t) « x(t) +d
It is worthy of note that a delayed transition cannot occur if A = 0. This situation
happens, e.g., when a fireable C-TPN transition t arrives at its last time: x[t] = LFT(t).

Pseudo-advancements of 0 time units (even an infinite number of times) simply are not
allowed (i.e., Zeno cycles are excluded [26]). In these cases, provided the C-TPN transition t

A>0&&0<d<A

continues to be enabled, it must complete its firing with a - action transition, thus ensuring
the strong-firing semantic model of Merlin & Farber Time Petri Nets [7].

2.4. Action Transition —t>

Provided one or more fireable transitions exist in the current system state, one of them
is chosen non-deterministically and its firing process is completed by executing the two
atomic sub-steps of withdrawal and deposit of the involved tokens. In formal terms:

M 5 M
withdraw (t, M,M’) : update state component sets accordingly and
reset clock of any newly enabled transition in M"”
deposit(t,M’,M") : update state component sets accordingly and
reset clock of any newly enabled transition in M”

€ fT(M)

A key point of an action transition Y is the fact that its effects modify the current
marking from M to M” by applying the withdrawal and the deposit functions separately.
As a consequence, the eT(.), aT(.), sT(.) and fT(.) sets are changed accordingly.

A transition t, which was enabled in M and rests enabled in the intermediate marking
M’ and in the final reached marking M", is said to be persistent to the firing of t. A transition
tne, which was disabled in M and which gains its enabling in M’ or M”, or which was
enabled in M, loses its enabling in M’ but reacquires the enabling in M”, is said to be newly
enabled. For any newly enabled transition tpe, its clock is reset: x[tne] = 0. The clocks of
persisted transitions, instead, remain unchanged.

As a final remark, it should be noted that there are situations when the two kinds of

transitions - and - are both eligible to occur. In these cases, one of the two is supposed
to be chosen non-deterministically and accomplished. All of this corresponds to the fact
that an active and fireable transition can complete its firing either at the current time or at a
subsequent time instant belonging to its time interval.

3. Reducing C-TPN onto Uppaal

A C-TPN model can directly be mapped onto the Uppaal toolbox [17,18,27]. Uppaal,
in fact, exposes powerful modeling abstractions that can be exploited to reproduce the
operational semantics of an extended timed Petri Net formalism [20,28].

Uppaal is based on Timed Automata (TA) [16] augmented with high-level data vari-
ables, data structures (structs and arrays) and C-like functions, which greatly improve the
modeling capabilities. A basic model consists of a network of concurrent TA (instantiable
template processes), interacting with each other by unicast channels with rendezvous
synchronization: the sender (!) or the receiver (?) who first arrives at the appointment
waits for the arrival of the partner. Following the synchronization, both processes resume
their concurrent execution. Broadcast channels are also supported, which allow one sender
to synchronize with 0, 1 or multiple receivers. Broadcast synchronization is always asyn-
chronous for the sender. The sender never waits for receivers to be ready to interact. Both
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kinds of channels do not carry data. The transport of parameters, if there are any, can be
realized through the mediation of some global data variables. Each process is modeled as
an automaton with locations and edges. In a normal location (see the N location in Figure 2),
the process can remain an arbitrary amount of time. An invariant (logical condition) can
be attached to a normal location (see location A in Figure 2) to force it to be exited, after
a finite time, before the invariant (based on time and/or data value constraints) is up to
be falsified. Committed locations (see, e.g., the W and D locations in Figure 2) have a
higher priority with respect to the non-committed ones and must immediately be exited
without any time passage. An edge can be annotated by a command that is composed of
three optional attributes: a conditional guard (true by default), a channel synchronization and
an update (list of variable assignments or clock resets). A command constitutes the unit
atomic action of the concurrent language of Uppaal. The automaton evolves by executing
one command at a time, which also includes the case of two (or more) joint commands,
in distinct processes, linked by a channel synchronization. The time passage rests on the
use of clock variables. A clock measures the time elapsed from its last reset. All the clocks
grow at the same pace. As an extension, U-MC allows clocks in a model to be temporarily
stopped and subsequently resumed [6] (stopwatches).

From a basic TA model, the state graph (with convex zones) is first built upon which a
TCTL (Timed Computational Tree logic) [17] formula/query can be verified by the non-
deterministic model checker (verifyta), here denoted as U-MC, which analyzes all the
possible execution paths (command inter-leavings) and, if required, can generate a counter
example (diagnostic trace) to help the modeler detect, through an event trace, the reasons
why a query was not satisfied.

The use of U-MC is limited in practice by the state explosions problem, which arises
when handling complex models that can imply an enormous or infinite state graph.

In recent years, the Uppaal toolbox was enriched by a Statistical Model Checker (U-
SMC) [18,22], too, which avoids the construction of the state graph and checks properties
by simulations. A simple example is represented by Monte Carlo simulations used to
estimate the occurrence probability of an event by counting the number of times the event
occurs in a certain number of runs (the number of runs can be inferred by U-SMC). U-SMC
enables the use of double quantities and restricts synchronizations to be based on broadcast
channels only. Property queries can be expressed using the MITL (Metric Interval Temporal
Logic) [18] language. By using U-SMC, TA are interpreted as stochastic processes. A further
extension of U-SMC enables TA to model also hybrid processes, where the rate of clocks
can be varied and continuous variables [29] can be specified by first-order differential
equations, used as invariants of locations.

The use of stopwatches implies that U-MC generates a state graph whose zones
depend on the over-approximation [6]. As a consequence, a zone can be enlarged (see
dashed lines in Figure 1 taken from [30]) for it to become convex:

- -

Figure 1. Example of zone convex hull for over-approximation [30].

Simply stated, the use of the over-approximation makes a satisfied existential query,
which is one that checks if some state exists where a given property holds, to be inconclusive.
In fact, the property could be satisfied in some of the extra states added by the convex
hull. On the other hand, queries of the type “is it always true that”, which assesses safety
property holds in all the model states, if verified, necessarily hold also in the proper states
of the model [6].
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3.1. Data Structures

A C-TPN model is reduced onto Uppaal by first preparing the following global
data structures:

o  The B(ackward TxPRE — Info matrix, used for checking transition enabling and for
assisting the withdrawal sub-step during transition firing;

e  The F(lorward TxPOST — Info matrix, which supports the deposit sub-step of transi-
tion firing;

e The I(nterval Tx2 — int matrix, which holds the EFT/LFT of transitions, and the int
const INF (e.g., —1) is used to specify co as LFT;

o The M(arking P — N vector, which holds the net marking.

P and T denote, respectively, the number of places and the number of transitions used
in a C-TPN model. A fundamental sub-range type (typedef) tid is introduced

typedef int [0, T — 1] tid

whose values correspond one to one to the transition names. PRE and POST denote,
respectively, the maximum degree of a transition preset and postset in a model. Info
is a struct that holds a place id and its corresponding weight. B, F and I are purposely
implemented as constant data structures so as for them to not take part in the state graph
nodes. The marking vector M, of course, changes its content during model evolution.
Its declaration

int[0, b] M[P]

is directly related to the boundedness degree b of the C-TPN model.
Another fundamental global array is x[T], which associates a distinct clock to each

separate transition:
clock x[T]

3.2. Transition Automata

The basic Transition template process (automaton) is shown in Figure 2. The au-
tomaton has one single parameter (const tid t), which provides the unique id (t) to each
transition instance.

suspended(t) suspended(t)
end fire? x(t]=0 end fire!
s S X[{=0 3
(!enabled(t) X[t]'==0
end_fire?
activatpd(t) suspended(t)
end_fre? . enf_fire?
A
(!enabled(t) ) x[ﬂ>=EFT(tl
end_fire? X[==1 8& withdraw(t)
(LFT(t)==INF ||
activated(t) x[t]<=LFT(t))
end_fire?
activated(t)
end_fire!
X[t]=0
® lenabled(t) ) end_fire! @
N X'==0 end_fire! D deposit(t) W
X[t]=0 J

Figure 2. The Transition automaton, having a single parameter: const tid t.

What contributes to the compactness of Figure 2 is the use of helper functions, which
directly correspond to the C-TPN fundamental functions discussed in Section 2.2. Here, for
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simplicity, each function implicitly refers to the global marking vector M of the model. The
meaning of the locations in Figure 2 is as follows:

N, transition t is not enabled;

A, transition t is active, that is, it is enabled and unconstrained,;

S, transition t is suspended, that is, it is enabled but constrained;

W, transition t has started its firing by just executing the withdrawal sub-step;
D, transition t is terminating its firing by executing its deposit sub-step.

As one can see in Figure 2, in the A location, the clock x[t] of this transition is allowed
to grow by specifying, in the invariant of the location, that its first derivative is 1: x[t]" ==
Similarly, in the S location, the clock x[t] is stopped by putting its first derivative to 0:
x[t]” == 0. The full invariant of the A location states that the transition can remain there
provided the clock x[t] is within the interval [EFT(t),LFT(t)]. In the case that the upper
bound is infinite, the transition can stay in A for an arbitrary amount of time. The EFT(t)
and LFT(t) functions simply return the interval bounds of t stored in the matrix I. The
blocking of x[t] in N is a matter of simplicity, to help the visualization of results during the
use of U-SMC (see later in this paper).

The firing process of a transition t is ensured using the global shared broadcast channel
end_fire. In particular, the transition that is completing its firing sends in sequence two
synchronizations over the end_fire channel. The first one is following the withdrawal
sub-step and entering the W location. The second one is when exiting the D location, that is,
after the deposit sub-step was executed. All the remaining transition instances in the model
can hear each end_fire signal and adjust their state accordingly. For instance, a transition
in N that finds itself (newly) enabled can reach either A or S depending on its constraint
function. In both of the two cases, its clock is reset as required. But a transition in A or S
can come back to N as soon as it becomes disabled, or it can move from A to S, or from
S to A if the transition, respectively, is suspended or activated by its constraints. Finally,
the transition that is completing its firing can move from D to A or S, or from D to N if
(according to single-server semantics) it is still enabled after the current firing, or if it finds
itself disabled.

A critical point in Figure 2 is the enforcement of the atomicity to the transition firing.
Toward this, the two locations W and D were realized as committed locations, which are
exited without time passage and certainly before any other transition can start its own firing
process. For instance, Uppaal guarantees that even a transition t’ in A whose clock arrived
at its last time LFT(t’) and, therefore, its invariant is up to be falsified would the time
advance even of an ¢ quantity, and has less urgency than the exiting from a committed
location, which does not increase the model time.

It should be noted that any transition can receive (?) an end_fire synchronization,
provided it can execute a command with a satisfied guard. Would the guard be false, the
transition is not a receiver of the end_fire signal.

3.3. Model Initialization

The simple Starter automaton shown in Figure 3 is responsible for the initialization
of the C-TPN model reduced in Uppaal. M0() is a function that establishes the initial
marking of the model. After that, an end_fire signal is broadcasted to permit transitions
that are enabled in the initial marking to reach their A or S location. Only one end_fire
synchronization is sufficient to bootstrap the model. Finally, Starter moves to a normal
location and no longer interacts with the rest of the model.

@ T @end fire! O

Figure 3. The Starter automaton for model initialization.
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3.4. System Declaration

Each Uppaal model must specify, in the system declaration section, how many in-
stances of the processes/automata have to be created and assign a name to each instance.
A C-TPN model can easily be created by the following statement:

system Transition, Starter;

The above declaration will automatically create T instances of the Transition automa-
ton and one instance of the Starter automaton. Due to the use of the typedef tid, each
instance of Transition is uniquely identified as Transition(id), where id is a transition
identifier. As a good practice, each C-TPN reduced model can anticipate in the global
declarations, the constant ids (high-level names) for the places (from 0 to P — 1) and for
the transitions (from 0 to T — 1). This simple provision will facilitate the expression and
interpretation of the property queries issued by the modeler. As a final remark, it is impor-
tant to note that a C-TPN reduced model can be checked, without changes, by either the
U-MC and/or the U-SMC. What can imply U-SMC to be used exclusively is when double
quantities (e.g., clocks values) are employed/checked in the constraint functions (see later
in this paper).

4. Modeling and Verification Examples

Three real-time task models, with increasing use of modeling features and increas-
ing scheduling difficulties, will be presented and thoroughly studied to check the effec-
tiveness of the reduction of C-TPN onto Uppaal. As observed, e.g., in [15], due to the
over-approximation, the timing results generated by different tools cannot be expected
to coincide with one another. The experimental work was carried out by using the latest
version Uppaal 5.0.0, 64 bit, running on a Winl1 Pro desktop platform, Dell XPS 8940, Intel
i7-10700 (8 physical cores), CPU@2.90 GHz, 32GB RAM.

4.1. First Example

The three-task model shown in Figure 4 was derived from [15] where it was expressed
using the Inhibitor Time Petri Nets (ITPN) formalism, here rewritten according to the more
readable C-TPN language. Transitions t1, t2 and t3 are activation transitions, often regulated
by periodic behavior. Such transitions with an empty preset are always enabled. Each
time an activation transition fires, a new instance of the corresponding task is generated
(released). Tokens in the places p1, p2 and p3 denote the pending task instances to be
completed. Generally speaking, each such place should hold one token only (except for
some limit cases, which will be discussed), which should be consumed before the task
activation transition injects a new task instance. For simplicity, the deadline of each task
coincides with the task period. Therefore, to be schedulable, a task instance should never
be consumed (processed) beyond its deadline. Transitions t4, t5 and t6 model the task bodies
and their computation times. Despite its simplicity, the task set of Figure 4 cannot be analyzed
according to the classic real-time scheduling theory [3-5]. This is because the t2 activation
transition and all the task body transitions have non-deterministic dense temporal intervals.
In the worst situation, all three tasks are supposed to be ready to execute at time 0 (no
phasing). All of this is mirrored by the initial marking of the model in Figure 4 where
one token is pre-assigned to p1, p2 and p3. The three-task model executes on a single cpu
(default hypothesis).
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t1 [50.50] £2 [100.150] t3 [150.150]

C(t4) C(t6)
t4 [10.20] t5 [18.20] t6 [20.28]

T1 T2 T3

Figure 4. A three-task set C-TPN model.

4.1.1. Schedulability Analysis under Fixed Priorities (FP)

Each task is statically assigned a priority inversely proportional to the task period, as
required by the Rate Monotonic method [3]. Therefore: 7(T1) > m(T2) > m(T3). At any
instant, the active task transition can execute which has the greatest priority. All of this is
clarified by the constraint functions shown in Table 1.

Table 1. The constraint functions of t4, t5, t6 of the model in Figure 4 under FP scheduling.

Transition Constraint Function C(t)
t4 false

t5 M[p1]>0

t6 M[p1]+M[p2]>0

Obviously, activation transitions are never constrained. Transition t4 is unconstrained
because, when active, it has the highest priority. On the other hand, transition t5 is
constrained (and then suspended) as long as t4 is active (one token is available in p1).
Similarly, transition t6 is constrained as long as t4 and/or t5 are active (one token is present
in p1 and/or p2). If a constraint is not satisfied, the constraint evaluates to false and the
transition is active. It is worth recalling that the constraint functions in Table 1, are checked
each time a transition is enabled and the model marking changes, which would imply
the transition is activated or suspended. For simplicity, all the transition constraints are
collected in the Uppaal model, in a global function named constrained(t).

The first concern about schedulability is assessing that the model is bounded. In
particular, the schedulability is guaranteed provided the model is 1-bounded, which means
that, at each time, at most one instance exists of every task that is processed before the
deadline. The declaration:

int[0,1] M[P]

expresses the model is 1-bounded. Would the model checker try to assign a new token to
any place p already containing a token, an out-of-range assignment is generated in M[p],
which witnesses the model is not 1-bounded. The first TCTL query [17] launched on the
three-task model was

A[] 'deadlock

which checks if it is always true (invariantly) that in any state of the state graph, there is
no deadlock. This query also helps to assess whether the model is bounded. It was found
that p3 (the lower priority task) is bounded to 2, whereas the other places are 1-bounded.
Changing the declaration to int[0,2] M[P], the following queries were found satisfied:
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A[l M[p1]<=1
Al M[p2]<=1
A[]M[p3]<=2

and the previous query A[] !deadlock is also satisfied. Therefore, tasks T1 and T2 never
generate a new instance before the previous one is completed within the deadline. The
schedulability of task T3 instead deserves to be better investigated. The fact that M[p2] can
have 2 tokens does not necessarily imply that T3 is not schedulable. What can happen is
that a previous instance of the task completes its execution exactly at the deadline and that
the new one will be processed in the newly started period. It should be observed that when
t3 fires, it finds itself again enabled and its clock x[t3] is immediately reset (see transitions
from D to A or S in Figure 2). The leads-to (-->) operator [17] was used in the following
query (satisfied):
M[p3]==2 --> M[p3]==1 && x[t3]==0

to check that starting from a state where M[p3]==2, it always (inevitably) follows that
M[p3] goes down to 1 and x[t3] is 0. In other terms, it is ensured that the pending instance
of T3 is completed exactly after 150 time units (i.e., the deadline or period of T3) starting
from its instantiation, without violating the deadline, which would otherwise happen in
the case M[p3] went from 2 to 1 by consuming time units of the new period. The same
leads-to query was used to check functional correctness, that is, model liveness:

M[p1]>0 --> Transition(t4). W

and, similarly, for t5 and t6 starting, respectively, from M[p2]>0 and M[p3]>0. These queries
were satisfied, and guarantee, for example, that each time a token is in p1, transition t4
eventually fires. The Worst Case Response Time (WCRT) and the Best Case Response Time
(BCRT) of each task can be determined by finding the worst/best time that elapses before a
task body transition fires. The elapsed times can be detected by checking the clock values
of the activation transitions. For the T1 tasks, the following queries were used:

A[] Transition(t4).W imply x[t1]<=20

A[] Transition(t4).W imply x[t1]>=10

The two queries check if it is always true that when t4 fires (i.e., it is in the W location
of the automaton of Figure 2), the task clock x[t1] is lesser than or equal to 20 and greater
than or equal to 10. Since task T1 has the highest priority, it is expected that the response
times of the task coincide with the bounds of the t4 time interval. Both queries are satisfied.
It should be noted that the first query, which establishes the WCRT, does not necessarily
hold with bound 19, and the second query, which provides the BCRT, is not necessarily
true with bound 11. The BCRT/WCRT could also be detected by using the suprema (sup)
and infima (inf) queries of the TCTL:

sup{ Transition(t4).W } : x[t1]

inf{ Transition(t4).W } : x[t1]

which ask to detect, respectively, the maximum/minimum value of x[t1] in the system state
where Transition(t4) fires. Table 2 collects the BCRT/WCRT for the three tasks.
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Table 2. The response times of the model in Figure 4 under FP.

Task BCRT WCRT
T1 10 20

T2 18 60

T3 30 150

The BCRT of the task T3 was determined through the query:
A[] Transition(t6).W && M[p3]==0 imply x[t3]>=30

This is because when M[p3]=2, this happens at the end of the period and x[t3] has been
just reset. As a consequence, the lowest value of x[t3] when t6 fires would be (incorrectly) 0.
The following query could be used as well:

inf{ Transition(t6).W && M[p3]==0} : x[t3]

All the above verification work was carried out by using U-MC and the exhaustive
model checker. The scheduling can also be investigated graphically by showing some
particular task executions that U-SMC can generate. The simulated query with a time
limit set to (about) the hyper-period (the hyper-period is the least common multiple of the
periods of the three tasks.) of the various tasks is suited for the purpose of

simulate[<=300] {x[t4] Transition(t4).S, Transition(t4).A}

The simulated query accumulates information, in the chosen time limit, about the
value of x[t4] and the status of the transition t4. At the query termination, right clicking
on the query line allows U-SMC to visualize the registered data as shown in Figure 5.
It is confirmed that task T1, having the highest priority, does not experiment with any
suspension or preemption. To avoid showing the values of the clock x[t4] when the
transition t4 is disabled, the clock was purposely blocked in the N location (see Figure 2).

19
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12
11
o 10 3 x(t4]
S 9 E=] Transition[t4].S
~ g 4 Transition[t4].A
7|
6
5
4
3]
2
1
0

o

30 60 90 120 150 180 210 240 270 300
time

Figure 5. Highest-priority task T1 behavior observed by monitoring the t4 status and its clock.

Figure 6 reports the captured snapshot of t6 executions:

simulate[<=300] {x[t6], Transition(t6).S, Transition(t6).A}
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Figure 6. A snapshot of the lowest-priority T3 task t6 transition with suspension and preemption.

From Figure 6, one can see that the transition t6 is suspended following its enabling
and that even when active it is suspended because of preemption. A similar behavior was
observed for the task T2 and the transition t5.

In light of the experimental work under fixed priorities, it emerged that some timing
results in [15] seem stricter than those achieved with Uppaal. However, the proposed tool
was in any case capable of correctly predicting the schedulability. In addition, valuable
information about task executions can be generated by U-SMC. Further flexibility of the
C-TPN/Uppaal tool is demonstrated in the next section. As a final remark, it is worthy of
note that the developed reduction in Uppaal allows the modeler to check the properties of
a C-TPN source model by using exactly the C-TPN vocabulary: place and transition names,
marking of specific places and so forth.

4.1.2. Schedulability Analysis under Dynamic Priorities

The task set of Figure 4 was also studied by using the Earliest Deadline First (EDF)
scheduling strategy on a single cpu. It is known [3] that EDF is capable of better exploiting
computational resources, but it is more challenging to analyze in a real-time tasking
model. EDF was chosen here to demonstrate the flexibility and modeling power of the
C-TPN/Uppaal proposed tool. Under EDF, at any time, the active task with a minimal
distance from its deadline is given the highest priority and occupies the cpu. The same
C-TPN reduced model into Uppaal was exploited, but the constraint functions of t4, t5
and t6 were changed according to the EDF policy, as shown in Table 3. A task transition
is constrained (its clock stopped) provided a different task exists that is active and has a
closer deadline. Otherwise, the task is unconstrained and can continue its execution.

Table 3. The constraint functions of t4, t5, t6 of the model in Figure 4 under EDF scheduling.

Transition Constraint Function C(t)

t4 M[p2]>0 && 100-x[t3]<50-x[t1] | | M[p3]>0 && 150-x[t5]<50-x[t1]
t5 M[p1]>0 && 50-x[t1]<100-x[t3] | | M[p3]>0 && 150-x[t5]<100-x[t3]
t6 M[p1]>0 && 50-x[t1]<150-x[t5] | | M[p2]>0 && 100-x[t3]<150-x[t5]

Since the use of floating-point operations in the constraint functions, U-SMC has
to be used to estimate the model properties. Under EDF, the model was found to be
1-bounded. By using temporarily the declaration of int[0,2] for M[P], the following MITL
query was issued:
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Pr[<=300](<>M[p1]>1 | | M[p2]>1 | | M[p3]>1)

The query asks U-SMC to estimate the probability of the event that “a model state
exists in which p1 or p2 or p3 contain more than 1 token”. U-SMC, after 29 runs/simulations,
where each run lasts 300 time units, proposes a confidence interval of [0,0.0981446] with a
confidence degree of 95%, which indicates the event is practically impossible. On the other
hand, by restricting each element of M[P] to an int[0,1], all the subsequent verification work
never raised an assignment violation to M[.]. The WCRT of the task T1 was checked by the
following query:

Pr[<=300] (<>Transition(t4).W && x[t1]>39)

which requires quantifying the probability of the event that “a model state exists where the t4
transition fires and the task clock x[t1] is found to be greater than 39”. Such an event, after 54 runs,
has an almost 0 probability. However, the same query with the condition x[t1]>38 proposes
a non-zero probability. In a similar way, the BCRT of T1 was assessed with the query:

Pr[<=300] (<>Transition(t4).W && x[t1]<10)

that suggested the event was almost impossible. However, the condition x[t1]<11 makes the
query to propose as a result a confidence interval of [0.356958,0.456821] with a confidence
degree of 95%. Table 4 collects the BCRT/WCRT response times estimated for the three
tasks under EDFE.

Table 4. Response times of the model in Figure 4 under EDF.

Task BCRT WCRT
T1 10 39
T2 18 40
T3 34 83

Figures 7 and 8 show a snapshot of the T1 and T3 executions under EDF. It emerges
that now also T1 can be preempted and suspended, although with a minor degree wrt T3.

19
18
17

16)
15
14
13|
12
11
10
39 % i[rta?sition[tﬂ S
=4 :
i 3 Transition[t4].A
7|
6
5
4
3
2|
1
0

o

30 60 90 120 150 180 210 240 270 300
time

Figure 7. Snapshot of T1 executions of the t4 transition of the model in Figure 4 under EDF.
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Figure 8. Snapshot of T3 executions of the t6 transition of Figure 4 under EDF.

4.2. Second Example

The task model shown in Figure 9 was considered in [15] to compare the size of the
generated state graph of an ITPN model with over-approximation, and the time needed for
the generation, with similar preemptive TPN tools. However, the schedulability and the
task response times were not predicted. This model, which becomes rather cluttered when
using inhibitor arcs for expressing the task priorities, was thoroughly investigated using
the reduction of C-TPN onto Uppaal proposed in this paper. First, it was preliminarily
verified that the task model is not schedulable on a single cpu, neither under FP nor EDF.
For example, under FP, with t(T1) > n(T2) > n(T3) > n(T4) > m(T5), even with the
hypothesis of int[0,20] M[P], the model checker signals, after 389 sec, an out-of-range
assignment to M[p4], to witness the boundedness degree is greater than 20. We renounced
to find the exact boundedness degree of the net model. Then, the task set was split into two
cpus with T1 and T2 assigned to cpul and the remaining tasks to cpu2. Under FP scheduling,
the constraint functions in Table 5 were adopted.

t2 [80.120] t3[150.150]  t4[200.200]  t5[250.250]

p

p- 4

C(t8) C(19) C(t10)
*
t7 [18.28] t8 [20.28] t9 [24.30] t10 [28.38]
T2 T3 T4 TS5

Figure 9. A C-TPN model with 5 tasks.
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Table 5. The constraint functions for the task set of Figure 9 under FP and two cpus.

Transition Constraint Function C(t)
t6 (cpul) false

t7 (cpul) M[p1]>0

t8 (cpu2) false

t9 (cpu2) M[p3]>0

t10 (cpu2) M[p3]+M][p4]>0

With two cpus and FP, the model is now 1-bounded. The BCRT and WCRT of the
various tasks were found to be as shown in Table 6.

Table 6. Response times of the task set of Figure 9 under FP.

Task BCRT WCRT
T1 (cpul) 10 20
T2 (cpul) 18 76
T3 (cpu2) 20 28
T4 (cpu2) 24 58
T5 (cpu2) 28 96

A snapshot of observed executions of task T2 and, in particular, of the “task body” t7
transition, is shown in Figure 10. It was generated by the query:

simulate[<=500]{x[t7], Transition(t7).A, Transition(t7).S}

[T

E x(t7]
E=] Transition[t7].A
3 Transition[t7].S

1 I

50

100 150 200 250
time

300

350 400 450 500

Figure 10. Snapshot of executions of transition t7 of task T2 under FP (model in Figure 9).

Also, under EDF and two cpus, the task set of Figure 9 was found to be 1-bounded.
The newly adopted constraint functions are indicated in Table 7. The estimated response
times are collected in Table 8. Figure 11 depicts a snapshot of t7 execution under EDFE.
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Table 7. The constraint functions for the task set of Figure 12 under EDF and two cpus.

Transition Constraint Function C(t)

t6 (cpul) M[p2]>0 && 80-x[t2]<50-x[t1]

t7 (cpul) M[p1]>0 && 50-x[t1]<80-x[t2]

t8 (cpu2) M[p4]>0 && 200-x[t4]<150-x[t3] | | M[p5]>0 && 250-x[t5]<150-x[t3]

t9 (cpu2) M[p3]>0 && 150-x[t3]<200-x[t4] | | M[p5]>0 && 250-x[t5]<200-x[t4]
t10 (cpu2) M[p3]>0 && 150-x[t3]<250-x[t5] | | M[p4]>0 && 200-x[t4]<250-x[t5]

]
|
]
]

Table 8. Response times of the task set of Figure 12 under EDF and two cpus.

Task BCRT WCRT
T1 (cpul) 10 47
T2 (cpul) 18 47
T3 (cpu2) 20 28
T4 (cpu2) 24 57
T5 (cpu2) 28 90
26
24
2
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time

Figure 11. Snapshot of executions of transition t7 of task T2 under EDF (model in Figure 9).

4.3. Third Example

The C-TPN model of Figure 12 was taken from [13], where it was specified according
to the Preemptive Time Petri Nets (pTPN) formalism implemented in the Oris tool [14]. The
same model was also analyzed in [17], where pTPNs were informally mapped onto U-MC
through a special set of library automata. The task set represents a realistic embedded
system with 4 tasks partitioned among two cpus, with 7(T1) > mn(T2) > m(T3) and
n(T1) = 7(T4) under FP. T1, T3 and T4 are periodic. T2 is a sporadic process with 100
being the minimal inter-distance between two consecutive instances (releases) of the task.
It is worth noting that the model in Figure 12 is hard to reproduce in a readable way by
using inhibitor arcs and the ITPN language described in [15].

The T1 task body consists of t2, t3, t4, t5, t6 and t7 timed actions. Task T2 generates,
with its t9 transition, a message toward T1. Without such a message, T1 could execute the
t3, t4 and t5 (see the inhibitor arc from p6 to t3) actions. With a message pending in p6, the
T1 task instance will execute a different control path modeled by transitions t6, t7, t4 and
t5. The model tasks’ behavior is controlled by two mutex objects: p8 and p13. Executing
t5 or t13 requires first acquiring the mutex p8. Similarly for the actions t7 and t18, which
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t1 [50,50]

T1(cpul)

t8 [100,]

T2(cpul)

t10 [150,150] t11 [8,10]

T3(cpul)

t15[150,150]  t16 [6.12]

T4(cpu2)

need the mutex p13. Under priority-based scheduling, the task set assumes that mutex
objects are realized according to a priority ceiling protocol [3]. Therefore, the lower priority
T3 task, after having gained the p8 mutex, immediately raises its priority to that of the
highest priority task, which can require the mutex, in this example, T1. T3 reacquires its
low priority at the exit from its critical section. No change of priority is required between
T1 and T4, which have the same highest priority and run on distinct cpus, after acquiring
the p13 mutex.

t2 [8.10] t3 [0.0] t4 [0.0] t5 [8.10]

t6 [0,0]""%... t7 [6.8]

mutex1

p8

t14 [10,13]

P9 p10 pl2

mutex?2
t12 [0,0] t13 [2,5]

plS\

16

pl4 pl5

t17 [0,0] t18 [10,10]
Figure 12. A task model with two cpus, two mutexes and message passing.

The task model of Figure 12 will be analyzed under FP and EDE. For simplicity,
the constraint functions are not shown in the basic model of Figure 12. Details about
constrained transitions will be given in the next sub-sections devoted separately to FP
and EDF scheduling analysis. As a preliminary step, though, the sporadic task T2 was
turned into a periodic one. The worst case occurs when using the so-called “non-equivalent
periodic process”, where the upper bound of t8 is put equal to 100, a provision which,
obviously, complicates the attainment of the schedulability. Alternatively, more than one
equivalent periodic process can be considered, using the conditions, e.g., discussed in [5]
on page 100. In the following, the time interval of t8 is preliminary adjusted to [100,100].

4.3.1. Schedulability Analysis under Fixed Priorities

The C-TPN model of Figure 12 is adapted for fixed priorities (FP) schedulability
analysis using the constraint functions reported in Table 9. It is worth noting that transitions
of task T4 are always unconstrained (default) because the task runs on the separate cpu2.
Transitions of T1 are constrained only in the case (priority ceiling) in which the T3 task is
within its critical section (there is one token in place p11). Transition t9 of task T2, which
has intermediate priority between T1 and T3, is constrained either when task T1 is active or
when T3 is within its critical section (p11). Finally, transitions of task T3, out of its critical
section, are constrained when either the task T1 or the task T2 is active. Transition t5 is
always unconstrained. While it is running, it holds the p8 mutex and neither T2 nor T3 can
suspend it. For similar reasons, transition t13 of task T3 is always unconstrained.
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Table 9. The constraint functions for the task set of Figure 12 under FP and two cpus.

Transition Constraint Function C(t)

t2, t3, t6, t7 (cpul) M[p11]>0

t9 (cpul) M[p1]+M[p4]+M[p7]+M[p11]>0
t11, t12, t14 (cpul) M[p1]+M[p4]+M[p5]+M[p7]>0
t16, t17, t18 (cpu2) false

The model is 1-bounded. The query that asks for the absence of deadlocks is satisfied
and terminates in 0.015 sec. The BCRT and the WCRT of the four tasks are reported in
Table 10. Transition t5 completes the execution of an instance of T1, and, similarly, t9 of T2,
t14 of T3 and t18 of T4.

Table 10. Response times of the task set of Figure 12 under FP.

Task BCRT WCRT
T1 16 43

T2 28 40

T3 42 128

T4 16 28

As it emerges from the response times in Table 10, the task set of Figure 12 is schedu-
lable under FP even when the T2 sporadic task is replaced by its non-equivalent periodic
version. The temporal results comply with similar results achieved in [19]. Unfortunately,
in [13], the complete schedulability analysis with the response times of the chosen task set
was not reported.

Figure 13 confirms, after a simulated query with a time limit of 600, that the transition
t13 of task T3, once the mutex p8 was acquired, always runs to completion without suspen-
sions, because it (due to the emulated priority ceiling protocol) holds the highest priority of
T1. Instead (see Figure 14), after exiting the critical section (i.e., t13 fired), task T3 re-gains
its low priority and the t14 transition can be affected by preemption and suspension.

4.2
3.9
3.6
3.3
3.0
2.7

2.4
E x[t13]

21 E=] Transition[t13].A
1.8] E Transition[t131.S

1.5
1.2
0.9|
0.6|

value

0 60 120 180 240 300 360 420 480 540 600
time

Figure 13. Snapshot of t13 executions (model in Figure 12) under FP.
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Figure 14. Snapshot of t14 executions (model in Figure 12) under FP.

Figure 15 confirms that by not using the ceiling protocol on the mutex p8, the transition
t13 (critical section of task T3) can possibly be preempted by transitions of T1 and T2. The
snapshot of Figure 15 was observed after some simple modifications to the constraint
functions of Table 9.

o 2.4 E x[t13]
2 ] Transition[t13].A
2.0 3 Transition[t13].S

0 60 120 180 240 300 360 420 480 540 600
time

Figure 15. Snapshot of t14 executions (model in Figure 12) under FP but without using the ceiling

protocol onto p8.

4.3.2. Schedulability Analysis under Dynamic Priorities

The C-TPN model of the task set in Figure 12 was adapted to work with EDF and with
one cpu only, by introducing the constraint functions shown in Table 11.

The following preliminary queries were all satisfied with a proposed (practically) O
occurrence probability. As a consequence, only one token would exist, which moves from
one place to another in any task body at any time. In addition, the model is 1-bounded.
The declaration int [0,1] M[P] was never violated during the schedulability work.

Pr[<=300](<>M[p1]+M[p2]+M[p3]+M[p4]+M[p7]>1)
Pr[<=300](<>M[p5]>1)
Pr[<=300](<>M[p9]+M[p10]+M[p11]+M[p12]>1)
Pr[<=300](<>M[p14]+M[p15]+M[p16]>1)
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Table 11. The constraint functions for the task set of Figure 12 under EDF and one cpu.

Transition Constraint Function C(t)
M[p5]>0 && 100-x[t8]<50-x[t1] | |
t2.. .7 (T1) M[p9]+M[p11]+M[p12]>0 && 150-x[t10]<50-x[t1] | |

M[p9]+M[p11]+M[p12]>0 && 150-x[t10]<50-x[t1]

M[p1]+M[p4]+M[p7]>0 && 50-x[t1]<100-x[t8] | |
t9 (T2) M[p9]+M[p11]+M[p12]>0 && 150-x[t10]<100-x[t8] | |
M[p14]+M[p16]>0 && 150-x[t15]<100-x[t8]

M[p1]+M[p4]+M[p7]>0 && 50-x[t1]<150-x[t10] | |

t11...t14 (T3) M[p5]>0 && 100-x[t8]<150-x[t10] | |
M[p14]+M[p16]>0 && 150-x[t15]<150-x[t10]
M[p1]+M[p4]+M[p7]>0 && 50-x[t1]<150-x[t15] | |

t16.. .t18 (T4) M[p5]>0 && 100-x[t8]<150-x[t15] | |
M[p9]+M[p11]+M[p12]>0 && 150-x[t10]<150-x[t15]

The estimated BCRT/WCRT of the task set under EDF and one single cpu are reported
in Table 12.

Table 12. Estimated response times of the task set of Figure 12 under EDF and one cpu.

Task BCRT WCRT
T1 16 34
T2 26 39
T3 45 90
T4 40 69

It should be noted that, under EDEF, even a critical section could be interrupted if
provisions like the priority ceiling protocol are not adopted, as it was completed, for
simplicity, in the task set adjusted for EDF. However, if the execution of t12 occurs when it
has a minimal distance to the T2 deadline, with a high probability of the execution of t13,
which has a small duration, can also be completed without preemption. The situation is
different for t14, which has a longer duration. All of this was confirmed by running the
same simulated queries behind Figures 13 and 14. The observed behavior for the transition
t13 and t14 under EDF is shown, respectively, in Figures 16 and 17.
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Figure 16. Snapshot of t13 executions (model in Figure 12) under EDF.
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Figure 17. Snapshot of t14 executions (model in Figure 12) under EDF.

5. Conclusions

The development of embedded real-time systems with strict timing constraints is a
well-known challenging problem because it requires ensuring that both functional and,
most importantly, temporal requirements are ultimately met.

This paper proposes Constraint Time Petri Nets (C-TPN), a novel high-level extension
of Time Petri Nets [7] with stopwatches [8-15] for formal modeling of a real-time system
under the general hypothesis of the component tasks, which can be (a) periodic or sporadic,
(b) can have their control and data aspects detailed, (c) can have non-deterministic execution
times, (d) can use mutex objects to protect shared data variables, (e) can exchange data
messages and (f) can be allocated among different cpus. In addition, the behavior of a
real-time system can be regulated by static or dynamic defined priorities. Some supported
features are not available in known tools based on preemptive Time Petri Nets.

As a fundamental contribution, this paper proposes a reduction of a C-TPN model
onto the Timed Automata (with hybrid and stochastic extensions) of the popular Uppaal
toolbox [17,18], guided by formal operational semantics of a source model and the ex-
ploitation of the over-approximation in the generation of the underlying state graph. The
reduction proves very effective because it allows for the assessment of the functional and
temporal properties of a C-TPN model by directly using the exhaustive model checker [17]
and /or the statistical model checker [18,22].

The prosecution of the research aims to address the following points. First, to experi-
ment with further scheduling strategies, e.g., based on deadline monotonic or least slack
time [3], and to integrate in a C-TPN model different kinds of servers [3] to specifically han-
dle aperiodic tasks. Second, to extend the C-TPN modeling to cyber-physical systems [31]
by explicitly specifying the communication network and the continuous aspects of environ-
mental data variables. Third, to establish a development software methodology, e.g., in
Java, based on C-TPN and the concepts of model continuity [31], that is, the possibility of
transitioning, with minimal distortions, a source model onto a final custom implementation
architecture [32]. Fourth, due to the uncertainty that unavoidably accompanies the correct
prediction of the execution time of task actions (e.g., [5]), an important goal of the final
real-time software is to possibly admit state degradation modes and abort decisions [33]
with recovery means, so as to minimize the risks corresponding to a deadline miss. Fifth,
to port C-TPN on top of the Theater actor system [34] for the schedulability analysis of
large models of embedded systems and, e.g., for studying workflow scheduling schemes in
cloud computing [35], by parallel simulations [28] on a multi-core machine.
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