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General

Formal methods should be adopted since the early phases of the system development to reduce failures in the final software product.

In the specification phase, many languages/formalisms could be used to specify the system under development. For real-time systems, where the specification
is focussed on modelling system behavior in response of external stimuli, one of the possible approaches consists in using logical statements to describe what
the system has to do.This is a different modality of specification with respect to operational approaches which are based on producing descriptions focussed
on how the system does certain operations.

For the specification of real-time systems formal frameworks are typically used. A formal framework is based on a formal model that allow representing the
system under specification and a set of tools aids the model verification. Two kinds of specification verification can be present: verification by using property
proof and verification by simulation.

Verification by using property-proof permits to prove properties for the system. For example, given the specification of a system it permits to demostrate if a
deadlock will never happen. Property-proof is particularly important for safety-crytical systems where some critical situations have to be absolutelly avoided.

In a framework based on a logical language, properties and the specification are expressed using the same logic language.

To prove a property means to demonstrate the property by using the logical specification. To this extent, theorem provers could be adopted to mechanically
derive these proofs or at least to aid the user in such a work.

Temporal logics are extensions of propositional/first order logics to deal with time constraints, such as ordering of events (i.e., one event has to occur before
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another) or quantitative constraints (i.e., something has to occur within 10ms). In the past, many temporal logics were presented: in particular TILCO
(Temporal Interval Logic with Compositional Operators) (R. Mattolini, P. Nesi, ""An Interval Logic for Real Time System Specification) is specifically
suitable for real-time systems specification.

Click here to get the TILCO Theory in Isabelle.

Temporal logics are well suited to describe temporal constraints while they are not particularly appropriate to describe system structure. For this reason,
CTILCO (Communicating TILCO) has been introduced as an extension of TILCO. CTILCO describes the system as a set of communicating processes where
each process can be furtherly decomposed or specified by using TILCO to express its behavior. This approach defines a composition/decomposition
specification methodology supported by verification. CTILCO permits specification reuse (in the same project or in other projects). Moreover, a synchronous
communication model has been defined in TILCO and communication theorems have been proved to permit to demonstrate properties concerning
communicating processes.

Click here to get the CTILCO Theory in Isabelle.

Even if TILCO is well suited for real-time systems specification it has been furtherly enhanced with new operators to simplify the expression of temporal
constraints (TILCOX). That paper includes the deductive system of TILCOX. To this end, a new proof system has been developed within the Isabelle/HOL
theorem prover.

Click here to get the TILCOX Theory in Isabelle.

As already mentioned property-proof is not the only validation support used during the specification, even simulation could be adopted. With system
simulation the behavior of the system (or part of it) is tested to see its response to certain stimuli.

In this case, only a small part of the system behavior is tested. Simulation is naturally used with operational specification languages (state machines, Petri
nets, etc.), while simulation or execution is not natural for denotational formalisms such as logical specification languages. In these languages, given the
history of inputs, execution means to find the history of outputs which satisfy the specification. Some problems may arise, (i) the history of outputs could not
be univocally determined; (ii) the specification could be partial, that is the value of an output may not be specified in some instants; (iii) the value of an
output may depend on the value of a future input (non-causal specification).

The execution of specifications formalized in temporal logics may not be limited to system simulation; in some cases, it may be used even for system
implementation when some temporal constraints are satisfied and the specification is complete and causal.

In traditional approaches, the system hardware executes a program written in a programming language as C, C++, Ada. This source-code is generated from
an executable specification (i.e., Petri nets) and generally it uses services of the operating system for time scheduling of the actions to be done.

In our approach the system hardware executes a general inferential engine that given the specification and inputs, produces the outputs. The problem in this
case is to produce the outputs at the correct time.

An executor for propositional TILCO and TILCOX has been developed. Specifications written in TILCO and TILCOX are translated in a simple temporal
logic (BTL) with only and, or, not and delay operators and transformed in a temporal inference network.
For such a network, inference rules have been defined to infer from the input values the output values.

As regard real-time execution, it has been found that for a causal specification the time needed to produce the outputs at a time $t$ knowing the inputs at
time t, t-1, t-2,... is proportional to the number of arcs of the inferential network. Thus the real-time execution can be feasible depending on the network size
and the system hardware. This is a strongly innovative result in the field of formal methods since there exist only few temptatives of defining execution
engines for non trivial temporal logic specifications.
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For the validation of TILCO, TILCO-X and C-TILCO specifications some tools have been developed. These tools are used to aid the validation of
specifications by means of theorem-proving (using Isabelle) and/or by simulation using the temporal logic executor. In Figure~\ref{fig:tots}, the relationships
between the developed tools are represented.

In the following, a short description of TOTS tool is reported:

« Isabelle is the validation environment, via property proof, for TILCO specifications, Isabelle theories for TILCO, TILCO-X and C-TILCO have been
developed and are used for the validation of specifications.

« Giselle is a graphic user interface for Isabelle, its aim is to aid the interaction with Isabelle that is a text oriented application;

« TILCOX2TIN is a translator, it reads textual specifications written in TILCO/TILCO-X and produces a temporal inference network (TIN) for
executing the specification.

« TIN Edit is a graphic editor for the visual specification of system properties. It permits the direct production of TIN files, it supports the basic
components of TINs (joint, gate, delay, signal) and moreover other components such as @ and ? (over constant intervals) can be used and also generic

sub-nets can be defined and used.
« TINX is the executor. Basically, it gets in input the TIN file that contains the specification. Then it is capapble of reading the inputs and producing the

outputs according to the specification.
« Sgn Edit is a signal editor. It permits to create, view, and change the files representing the inputs/outputs of the system.

Isabelle TILCO Theories

For the validation of TILCO specifications within Isabelle, some Isabelle theories have been developed.

TILCO theory

« Interval.thy extends the integers theory to define constant intervals.
« Tilco.thy extends Interval.thy to define all the operator of logic TILCO.

C-TILCO theory

» PPorts.thy extends the TILCO theory to provide primitive ports that permit to send/receive messages. It represents the low-level communication layer.

« Ports.thy extends PPorts.thy to provide synchronous ports that permit to send/receive messages synchronously. It represents the high-level
communication layer.

« Process.thy extends Ports.thy to provide the concept of process with its variables, parameters, sub-processes.
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TILCO-X theory

« Time.thy extends the integers theory to provide the basic logical operators (and, or, not, forall, exists, etc.) over temporal variables.

« IntervalX.thy extends Time.thy to provide the concept of dynamic intervals, it defines the after and before operators.

« TilcoX.thy extends IntervalX.thy to provide at and happen operators as well as the other temporal operators with exception of Bounded Happen.
« TilcoXX.thy extends TilcoX.thy to provide Bounded Happen operators.

Giselle

Giselle is a graphic user interface for Isabelle. Isabelle is a text oriented application, then to increase the usability the user interface called Giselle has been
developed. Other user interfaces for Isabelle can be found (Proof General, Xlisabelle) but are plug-ins for Emacs/X-Emacs or use tcl/tk.

The main window of Giselle is divided in tree parts: on the left, there is the current proof state; on the right, the tactics applied to the goal (the property to be
proved) that produced the current proof state are reported; on the bottom, there are the tactics that can be applied to the current proof state. Clicking on a
button a dialog appears where arguments of the tactic can be chosen.

The interface to tactics is completely configurable. In a textual configuration file, there is, for each tactic, its textual form and the corresponding user inputs
are highlighted.
In Giselle, it is also possible to see the proof tree, where is reported how a particular sub-goal has been proved.

TIN Edit

The TIN Editor is a graphic editor that permits the visual creation of temporal inference networks. It can be regarded as a visual specification interface for
TILCO.

The main characteristics of the TIN editor are:

« it permits the construction of the TIN using the basic elements as joint, gate, delay, always and signals, connecting them together with arcs;
« it permits to use non basic elements as the @ and the ? operators;

« it permits to use TIN networks within another network, giving the possibility of decomposition/composition of the system specification;

« it permits to save/load/print the networks;

« it checks if some information is missing (the value of a delay, or the intervals of the at component, etc.).

« it permits to generate the .tin file for the TINX executor.

TINX

TINX is the temporal logic executor, it executes the specification written in a .tin file describing the temporal inference network of the system. Each
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input/output signal is associated with a file .io where the values of the signal are stored. TINX reads the .io files of input signals and produces .io files of
output signals.

A .tin file is a textual representation of the network. In the file the list of nodes of the network is reported. For each node, there is a line with the following
form:

<node name>: <node type>; <parent node> <left son>[,<right son>]

where: <node name> is the unique node name, <parent node>, <left son> and <right son> are name references to other nodes.
<node type> can be: G for a gate node, J for a joint node, D for a delay node eventually followed by an integer representing the delay value.

The executor can generate also a log where the events generated during execution are reported. Optionally the execution can be made by using only causal
inference.

The values of a signal can be changed by clicking on the desired time instant and the logical value toggles form true to false, from false to undefined and
from undefined to true. The values can be changed also selecting a portion of the signal and these instants can be forced to assume value all true, false,
undefined, randomly true or false, or alternating true/false values. The executor can be directly invoked from the menu to quickly see the response of the
system when an input signal is changed.

Technical report about the execution of TILCO specification

Dev-TILCO

Dev-TILCO is an integrated development environment for TILCO and C++. It allows the specification and implementation in TILCO of the timing
constraints that can directly manage C++ applications. With this hybrid development system is possible to specify real-time constraints in TILCO for process
and system control, to verify and validate them formally with Isabelle, to validate them with TINX performing history checking and finally to directly
execute the TILCO specification by integrating the TILCO-Executor in your C++ software. Dev-TILCO integrates benefits of several approaches:
denotational models, property proof, verification of histories, direct execution, and traditional programming language. A case study has been succesfully
developed with such a development system and sources of the development are collected in a ZIP file.

Technical report about Dev-TILCO
Tecnical report about an example of development: Crossroad Control Simulator

Slide-show about Dev-TILCO and an application example (italian language

Crossroad Control Simulator: an application developed with Dev-TILCO
Zip file contains a folder (Crossroad Executable) with:

« Crossroad Controller Simulator.exe: the application
« crossoroad.tin: Temporal Inference Network which model the crossroad behaviour
« crossoroad_ic.evl: Initial conditions for the inference
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Visual C++ project for Crossroad Control Simulator (with built-in Dev-TILCO development process)

Zip file contains a folder (Crossroad Controller Simulator) with:

« Crossroad Controller Simulator.dsw & dsp Visual C++ workspace and project

« crossroad.tilco: Crossroad behaviour specification in TILCO

« cross_con.th: Declaration file with the suitable interface object

« *.cpp, *.h and other resources: application code and customized code for interface
« README.txt: some useful instruction to properly use Dev-TILCO Tools

... Some Selected Related papers:

e G. Bucci, M. Campanai, and P. Nesi, ~Tools for specifying real-time systems," Journal of Real-Time Systems, vol. 8, pp. 117--172, March 1995, also reprinted in Key Successful
Software Development Readings, IEEE (1999) and in A Practical Approach to Real Time Systems, IEEE (P. Laplante, ed.) (1999).

* R. Mattolini and P. Nesi, “An interval logic for real-time system specification,” IEEE Transactions on Software Engineering, in press, March-April, 2001.
e P. Bellini, R. Mattolini, and P. Nesi, " Temporal logics for real-time system specification," ACM Computing Surveys, vol. 32, N.1, pp.12-42, March 2000.
¢ P. Nesi and M. Campanai, ~~Metric framework for object-oriented real-time systems specification languages,” The Journal of Systems and Software, vol. 34, pp. 43--65, 1996.

« P. Bellini, M. Bruno, and P. Nesi, ~"Verification criteria for a compositional model for reactive systems," Proc. of the IEEE Intern. Conf. on Complex Computer Systems, Sept. 11-15
2000.

« P. Bellini, M. A. Bruno, P Nesi, ~"Verification of External Specifications of Reactive Systems", IEEE Transactions on Systems Man and Cybernetics, IEEE Press, USA, in press 2000 or
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General

Formal methods should be adopted since the early phases of the system development to reduce failuresin the final software product.

In the specification phase, many languages/formalisms could be used to specify the system under development. For real-time systems, where the specification
is focussed on modelling system behavior in response of external stimuli, one of the possible approaches consists in using logical statements to describe what
the system has to do.This is a different modality of specification with respect to operational approaches which are based on producing descriptions focussed

on how the system does certain operations.
For the specification of real-time systems formal frameworks are typically used. A formal framework is based on a forma model that allow representing the
system under specification and a set of tools aids the model verification. Two kinds of specification verification can be present: verification by using property

proof and verification by simulation.
Verification by using property-proof permitsto prove properties for the system. For example, given the specification of a system it permitsto demostrate if a
deadlock will never happen. Property-proof is particularly important for safety-crytical systems where some critical situations have to be absolutelly avoided.

In a framework based on a logical language, properties and the specification are expressed using the same logic language.

To prove a property means to demonstrate the property by using the logica specification. To this extent, theorem provers could be adopted to mechanically
derive these proofs or at least to aid the user in such a work.

Temporal logics are extensions of propositional/first order logics to deal with time constraints, such as ordering of events (i.e., one event has to occur before
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another) or quantitative constraints (i.e., something has to occur within 10ms). In the past, many temporal logics were presented: in particular TILCO
(Temporal Interval Logic with Compositional Operators) (R. Mattolini, P. Nesi, "An Interval Logic for Real Time System Specification) is specifically
suitable for real-time systems specification.

Click here to get the TILCO Theory in Isabelle.

Temporal logics are well suited to describe temporal constraints while they are not particularly appropriate to describe system structure. For this reason,
CTILCO (Communicating TILCO) has been introduced as an extension of TILCO. CTILCO describes the system as a set of communicating processes where
each process can be furtherly decomposed or specified by using TILCO to expressits behavior. This approach defines a composition/decomposition
specification methodology supported by verification. CTILCO permits specification reuse (in the same project or in other projects). Moreover, a synchronous
communication model has been defined in TILCO and communication theorems have been proved to permit to demonstrate properties concerning
communicating processes.

Click here to get the CTILCO Theory in Isabelle.

Evenif TILCO iswell suited for real-time systems specification it has been furtherly enhanced with new operators to ssimplify the expression of temporal
constraints (TIL COX). That paper includes the deductive system of TILCOX. To this end, a new proof system has been devel oped within the I sabelle/HOL
theorem prover.

Click here to get the TILCOX Theory in Isabelle.

As already mentioned property-proof is not the only validation support used during the specification, even simulation could be adopted. With system
simulation the behavior of the system (or part of it) istested to see its response to certain stimuli.

In this case, only a small part of the system behavior is tested. Simulation is naturally used with operational specification languages (state machines, Petri
nets, etc.), while simulation or execution is not natural for denotational formalisms such as logical specification languages. In these languages, given the
history of inputs, execution means to find the history of outputs which satisfy the specification. Some problems may arise, (i) the history of outputs could not
be univocally determined; (ii) the specification could be partial, that is the value of an output may not be specified in some instants; (iii) the value of an
output may depend on the value of a future input (non-causal specification).

The execution of specifications formalized in temporal logics may not be limited to system simulation; in some cases, it may be used even for system
implementation when some temporal constraints are satisfied and the specification is complete and causal.

In traditional approaches, the system hardware executes a program written in a programming language as C, C++, Ada. This source-code is generated from
an executable specification (i.e., Petri nets) and generally it uses services of the operating system for time scheduling of the actions to be done.

In our approach the system hardware executes a general inferential engine that given the specification and inputs, produces the outputs. The problem in this
case is to produce the outputs at the correct time.

An executor for propositional TILCO and TILCOX has been developed. Specifications written in TILCO and TILCOX are trandlated in a ssmple temporal
logic (BTL) with only and, or, not and delay operators and transformed in a temporal inference network.
For such a network, inference rules have been defined to infer from the input values the output values.

As regard real-time execution, it has been found that for a causal specification the time needed to produce the outputs at a time $t$ knowing the inputs at
timet, t-1, t-2,... is proportional to the number of arcs of the inferential network. Thus the real-time execution can be feasible depending on the network size
and the system hardware. Thisis a strongly innovative result in the field of formal methods since there exist only few temptatives of defining execution
engines for non trivial temporal logic specifications.
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TOTStools

For the validation of TILCO, TILCO-X and C-TILCO specifications some tools have been developed. These tools are used to aid the validation of
specifications by means of theorem-proving (using Isabelle) and/or by simulation using the temporal logic executor. In Figure~\ref{ fig:tots}, the relationships
between the devel oped tools are represented.

In the following, a short description of TOTS tool is reported:

Isabelle is the validation environment, via property proof, for TILCO specifications, |sabelle theories for TILCO, TILCO-X and C-TILCO have been
developed and are used for the validation of specifications.

Gisdlle is a graphic user interface for Isabelle, its aim isto aid the interaction with Isabelle that is a text oriented application;

TILCOXZ2TIN isatrandator, it reads textual specificationswritten in TILCO/TILCO-X and produces a temporal inference network (TIN) for
executing the specification.

TIN Edit is a graphic editor for the visual specification of system properties. It permits the direct production of TIN files, it supports the basic
components of TINs (joint, gate, delay, signal) and moreover other components such as @ and ? (over constant intervals) can be used and also generic
sub-nets can be defined and used.

TINX isthe executor. Basically, it getsin input the TIN file that contains the specification. Then it is capapble of reading the inputs and producing the
outputs according to the specification.

Sgn Edit isa signal editor. It permitsto create, view, and change the files representing the inputs/outputs of the system.

Isabelle TILCO Theories

For the validation of TILCO specifications within Isabelle, some Isabelle theories have been devel oped.

TILCO theory

Interval.thy extends the integers theory to define constant intervals.
Tilco.thy extends Interval.thy to define all the operator of logic TILCO.

C-TILCO theory

PPorts.thy extends the TILCO theory to provide primitive ports that permit to send/receive messages. It represents the low-level communication layer.
Ports.thy extends PPorts.thy to provide synchronous ports that permit to send/receive messages synchronously. It represents the high-level
communication layer.

Process.thy extends Ports.thy to provide the concept of process with its variables, parameters, sub-processes.
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TILCO-X theory

« Time.thy extends the integers theory to provide the basic logical operators (and, or, not, forall, exists, etc.) over temporal variables.

« IntervalX.thy extends Time.thy to provide the concept of dynamic intervals, it defines the after and before operators.

« TilcoX.thy extends Interval X.thy to provide at and happen operators as well as the other temporal operators with exception of Bounded Happen.
« TilcoXX.thy extends TilcoX.thy to provide Bounded Happen operators.

Giselle

Gisdlle is a graphic user interface for Isabelle. Isabelle is a text oriented application, then to increase the usability the user interface called Giselle has been
developed. Other user interfaces for Isabelle can be found (Proof General, XIsabelle) but are plug-ins for Emacs/X-Emacs or use tcl/tk.

The main window of Giselle isdivided in tree parts: on the left, thereis the current proof state; on the right, the tactics applied to the goal (the property to be
proved) that produced the current proof state are reported; on the bottom, there are the tactics that can be applied to the current proof state. Clicking on a
button a dialog appears where arguments of the tactic can be chosen.

The interface to tactics is completely configurable. In atextual configuration file, thereis, for each tactic, its textual form and the corresponding user inputs
are highlighted.
In Giselle, it is aso possible to see the proof tree, where is reported how a particular sub-goal has been proved.

TIN Edit

The TIN Editor is a graphic editor that permits the visual creation of temporal inference networks. It can be regarded as a visua specification interface for
TILCO.

The main characteristics of the TIN editor are:

« it permits the construction of the TIN using the basic elements as joint, gate, delay, aways and signals, connecting them together with arcs;
« it permitsto use non basic el ements as the @ and the ? operators,

« it permitsto use TIN networks within another network, giving the possibility of decomposition/composition of the system specification;

« it permitsto save/load/print the networks;

« it checks if some information is missing (the value of a delay, or the intervals of the at component, etc.).

« it permitsto generate the .tin file for the TINX executor.

TINX

TINX isthe temporal logic executor, it executes the specification written in a .tin file describing the temporal inference network of the system. Each
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input/output signal is associated with a file .io where the values of the signal are stored. TINX reads the .io files of input signals and produces .io files of
output signals.

A tinfileisatextual representation of the network. In the file the list of nodes of the network is reported. For each node, thereis a line with the following
form:

<node name>: <node type>; <parent node>,<left son>[,<right son>]

where: <node name> is the unique node name, <parent node>, <left son> and <right son> are name references to other nodes.
<node type> can be: G for a gate node, J for a joint node, D for a delay node eventually followed by an integer representing the delay value.

The executor can generate also a log where the events generated during execution are reported. Optionally the execution can be made by using only causal
inference.

The values of a signal can be changed by clicking on the desired time instant and the logical value toggles form true to false, from false to undefined and
from undefined to true. The values can be changed also selecting a portion of the signal and these instants can be forced to assume value all true, false,
undefined, randomly true or false, or aternating true/false values. The executor can be directly invoked from the menu to quickly see the response of the
system when an input signal is changed.

Technical report about the execution of TIL CO specification

Dev-TILCO

Dev-TILCO is an integrated development environment for TILCO and C++. It allows the specification and implementation in TILCO of the timing
constraints that can directly manage C++ applications. With this hybrid development system is possible to specify real-time constraints in TILCO for process
and system control, to verify and validate them formally with Isabelle, to validate them with TINX performing history checking and finally to directly
execute the TILCO specification by integrating the TILCO-Executor in your C++ software. Dev-TILCO integrates benefits of several approaches:
denotational models, property proof, verification of histories, direct execution, and traditional programming language. A case study has been succesfully
developed with such a development system and sources of the development are collected in a ZIPfile.

Technical report about Dev-TILCO
Tecnical report about an example of development: Crossroad Control Simulator

Slide-show about Dev-TIL CO and an application example (italian language

Crossroad Control Simulator: an application developed with Dev-TILCO
Zip file contains a folder (Crossroad Executable) with:

» Crossroad Controller Smulator.exe: the application
« crossoroad.tin: Temporal Inference Network which model the crossroad behaviour
« crossoroad_ic.evl: Initial conditions for the inference
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Visual C++ project for Crossroad Control Simulator (with built-in Dev-TIL CO development process
Zip file contains a folder (Crossroad Controller Simulator) with:

Crossroad Controller Smulator.dsw & dsp Visual C++ workspace and project
crossroad.tilco: Crossroad behaviour specification in TILCO

cross_con.th: Declaration file with the suitable interface object

*.cpp, *.h and other resources: application code and customized code for interface
README.txt: some useful instruction to properly use Dev-TILCO Tools

... Some Selected Related papers:

G. Bucci, M. Campanai, and P. Nesi, ““Tools for specifying real-time systems,” Journal of Real-Time Systems, vol. 8, pp. 117--172, March 1995, also reprinted in Key Successful
Software Development Readings, |EEE (1999) and in A Practical Approach to Real Time Systems, |EEE (P. Laplante, ed.) (1999).

R. Mattolini and P. Nesi, “"An interval logic for real-time system specification,” |EEE Transactions on Software Engineering, in press, March-April, 2001.

P. Bellini, R. Mattolini, and P. Nesi, " Temporal logics for real-time system specification,” ACM Computing Surveys, vol. 32, N.1, pp.12-42, March 2000.

P. Nesi and M. Campanai, ~Metric framework for object-oriented real-time systems specification languages," The Journal of Systems and Software, vol. 34, pp. 43--65, 1996.

P. Bellini, M. Bruno, and P. Nesi, “"Verification criteriafor acompositional model for reactive systems," Proc. of the |IEEE Intern. Conf. on Complex Computer Systems, Sept. 11-15
2000.

P. Bellini, M. A. Bruno, P Nesi, ~"Verification of External Specifications of Reactive Systems”, IEEE Transactions on Systems Man and Cybernetics, IEEE Press, USA, in press 2000 or
2001.

M. A. Bruno, P. Nesi, Life-Cycle of aformal Dual Object-Oriented Specification Model for Real- Time Systems', Journal of Information and Software Technology, Elsevier Publishers,
USA, Vol .41, N.1, pp.35-52, 1999.

R. Mattolini, P. Nesi, “"Using TILCO for Specifying Real- Time Systems', Proc. of the 2nd | EEE International Conference on Engineering of Complex Computer Systems, ICECCS'96,
|EEE Press, Montreal, Canada, October 1996.

http://www.dsi.unifi.it/%7Etil co/tots/index.html[21/02/2014 23:02:03]


http://www.dsi.unifi.it/%7Etilco/tots/ftp/cross_project.zip

Execution of TILCO Specifications
Technical Report

Pierfrancesco Bellini, Andrea Giotti, Paolo Nesi
Department of Systems and Informatics, University of Florence
Via S. Marta 3, 50139 Firenze, Italy, tel.: +39-055-4796523, fax.:+39-055-4796363

email: nesi@ingfil.ing.unifi.it, www: http://www.dsi.unifi.it/ nesi

1 Introduction

For the specification of real-time system behaviour, the definition of temporal constraints amongst events and
actions is needed [1], [2], [3]: properties of invariance, precedence amongst events, periodicity, liveness and safety
conditions, etc. To this end, several different temporal logics with different degrees of expressiveness have been
proposed. Some of them are based on propositional logic — e.g., PTL, TPTL, RTTL, ITL ([3]). Others are
based on first or higher order logic — e.g., TRIO [4], MTL [5], interval temporal logic [6], TILCO [7].

According to [7], in which TILCO (Temporal Interval Logic with Compositional Operators) temporal logic
has been presented, only a few examples of quantitative temporal logics exist. In these cases, an operator
expressing the distance between time points is usually defined. First-order temporal logics that provide a
metric for time usually allow quantification over the temporal domain — e.g., RTL [8], MTL [9], TRIO [4] —
whereas a prohibition of this kind of quantification has been shown to be a necessary condition for the existence
of feasible automated verification mechanisms [10]. All these temporal logics are based on time points rather
than on intervals and provide a sharp distinction between past and future (e.g., MTL: G, H; TRIO: Past()
and Futr()). In contrast, TILCO does not allow the quantification over time, presents a uniform model for
time from past to future and unique operators for stating facts and events along the time axis [7], [11], [12].

The problem of executability of specifications given by means of temporal logics has often been misunderstood
with that of validation. The validation of a logic specification usually consists in proving high-level properties,
which are also given in the form of logical expressions, by means of theorem provers [13]. Other techniques are
based on the so-called history-checking [14]. In these cases, the time ordering is not satisfied, history-checking
is mainly oriented to validating specifications against off-line generated histories of system inputs and outputs.

There are at least three different definitions of executability [15]. According to concept of execution, which
is closer to that used in software engineering, the execution of a specification leads to the on-line production
of outputs on the basis of inputs and system status. Thus the time ordering of events must be satisfied with
real-time constraints. This concept of execution is quite far from that of validation since it is supposed that the
specification under execution is a verified and validated specification.

In this report, the TILCO-Fzxecutor algorithm for executing TILCO is presented. The meaning adopted
by TILCO-Ezecutor for executability consists in using the specification itself as a prototype of the real-time
system, thus allowing, in each time instant, for the on-line generation of system outputs on the basis of current
inputs and internal state and inputs and outputs history. The algorithm is capable of executing a fragment of
TILCO specifications, and can be used for execution other first order temporal logics under similar restrictions.
In order to simplify the execution of TILCO specifications a Basic Temporal Logic (BTL) with a lower number
of operators has been introduced, this is capable of expressing all complex operators of TILCO. In the following
it is briefly described how to translate TILCO to BTL. Inference rules for BTL are presented and it is described
how to graphically represent the BTL specifications as Temporal Inference Networks, TIN. An algorithm for
executing temporal inference network is presented and the possibility of real-time execution is highlighted.



2 Overview of TILCO

TILCO is a logic language which can be used to specify temporal constraints in either a qualitative or a
quantitative way. This allows both to define ordering relationships amongst events and to express durations
of facts by an absolute measure. A formalization of TILCO has been implemented in the theorem prover
Isabelle/HOL, together with a set of sound axioms and deduction tactics [7], to allow the automatic verification
of TILCO properties. Such properties can be expressed in TILCO, so the same language can be used to specify
both general requirements, detailed behaviour of real-time systems, specification and execution. TILCO includes
the concepts of typed variables and constants by providing a set of basic types and allowing the definition of
new types. Finally, causal propositional TILCO specifications are executable in real-time as shown in the rest
of the report.

2.1 TILCO Operators

TILCO’s temporal operators have been added to FOL by leaving the evaluation time implicit, so the meaning
of a TILCO formula is given with respect to current time. Time is discrete and linear and the temporal domain
is the set of integers Z. The minimum time interval corresponds to one instant, the current time instant is
represented by 0 and positive (negative) numbers represent future (past) time instants.

The basic entity in TILCO is temporal interval, the boundaries of which can be either included or excluded
by using the usual notation with squared, (“[”, “|”) or round (“(”, #)”) brackets, respectively. Time instants are
regarded as closed intervals composed of a single point while symbols 400 and —oo can be used as boundaries
to denote infinite intervals. Thus, TILCO allows both the specification of facts on intervals and events in time
instants.

The basic TILCO temporal operators are:

e “@7, universal quantification (V) over a temporal interval;
e “?7 existential quantification (3) over a temporal interval;

e “until”, to express that either a predicate will always be true in the future, or it will be true until another
predicate will become true;

e “since”, to express that either a predicate has always been true in the past, or it has been true since
another predicate has become true.

For instance, A @7 is true if formula A is true in every instant of the interval ¢ with respect to the current time
instant. By denoting with ¢ the current time instant, (A @) <= Vz € i.A®+%) holds. The ) notation has
the purpose to put in evidence the formula evaluation instant and is omitted in the following, such as in several
other temporal logics. This approach is called implicit time and it is used for example in RTL and TRIO [3].

Similarly, until(A, B) is true when evaluated in ¢ if B will always be true in the future with respect to ¢ or
if B will be true in the interval (¢,t+4 2) and A will be true in t+ 2 with 2 > 0. This definition of until does not
require the occurrence of A in the future, so as to correspond to the weak until operator defined in PTL [16].
The operators until and since express the same concept for future and past, respectively, and can be used to
express ordering relationships amongst events.

Classical operators of temporal logic as eventually (<) and henceforth (O) can be easily obtained by using
TILCO operators with infinite intervals. TILCO can be regarded as a generalization of most of the interval
logics presented in literature[7], [3], with the addition of a metric for time. Tabable 1 provides some examples
of TILCO formulae, accompanied by an explanation of their meaning.

(A?]0,t]) @[0,400) A will become true within ¢ for each time instant in the future (response)

(A= B)@]|0,t if A is true within ¢, then also B will be true at the same time

(A= (B?i))@j A leads to an assertion of B in ¢ for each time instant of j

(A= (B@i)Qj A leads to the assertion of B in the whole interval i for each time instant of j
(A= (B@i))?j A leads to the assertion of B in the whole interval i in at least a time instant of j

Table 1: Examples of TILCO formulae



3 From Specification to Execute of Temporal Logics

A TILCO specification is made of:

e a set of formulae which define system behaviour and temporal constraints (i.e., if the water level is over
the danger level for three time instants then the alarm has to be switched on);

e a set of input signals, typed variables representing information acquired from outside (i.e., water level,
temperature, etc.), the value of which can change due to external events;

e a set of output signals, typed variables representing information produced to outside (i.e., alarm enable,
pump speed, etc.), which can be forced to assume a value by some predicate through an assignment and
lead to a change in the external environment;

e a set of auxiliary signals/internal variables, typed variables representing the information processed inter-
nally and constituting the system state, which can be either read as input signals or forced to a value as
output signals.

System inputs, outputs and internal variables can assume only one value at each time instant.

A TILCO specification can be validated to verify whether it corresponds to the system requirements. System
validation is performed by proving that high-level desired properties, as safety or liveness, are satisfied by the
specification of the system on the basis of TILCO-Theory implemented on Isabelle/HOL theorem prover. These
properties can be expressed by means of other TILCO formulae, thus the same language is used to specify both
the system general requirements and its detailed behaviour as shown in [13]. If during the validation phase
it is found that a desired property cannot be deduced from the system specification, then the specification is
incomplete. If the property must be satisfied by the system and does not contradict the specified behaviour,
a new TILCO formula has to be added to the specification to express the wished property. This allows an
incremental system specification by theorem proving, with an absolute degree of confidence due to the support
of TILCO-Theory on Isabelle. This process of refinement ends when the detailed specification turns out to be
an implementation of the top-level specification.

In this context, executability means the capability to use the system specification itself as a prototype of
the real-time system, thus allowing, in each time instant, the on-line generation of system outputs on the
basis of present inputs and internal state. Given an interpretation Z;, of input signals’ histories, to execute a
specification formula S formally means to deduce the interpretations Z,,¢, Zyue of output and auxiliary signals’
histories which satisfy S by applying a set of inference rules which will be detailed later on. When this is
possible, the specification can be directly executed in real-time by means of TILCO-Ezecutor without having
to translate it in a programming language.

In literature, there are only few executable temporal logics which can be used to build a system prototype.
The execution or simulation of logic specifications with the intent of producing system outputs in the correct
temporal order while meeting the temporal constraints is a quite difficult problem. The difficulty mainly depends
on the computational complexity of the algorithms proposed which makes their adoption for executing logic
specifications in real-time impossible. Usually, the computational complexity is O(D") where D is the domain
size of the nested quantifications which have been specified, for both time dependent and independent variables,
and h is number of these quantifications.

For the design and the implementation of a temporal logic executor, two aspects have been taken into
account:

e the definition of an executable semantics for common temporal logic operators based on time instant,
intervals, event ordering, etc.;

e the definition and implementation of an algorithm based on the adopted semantics and allowing real-time
execution of the specification.

According to these aspects it has been decided to adopt a minimum number of temporal logic operators,
those strictly necessary to implement at higher level the TILCO language.

The temporal logic executor presented in this report, called TINX (Temporal Inference Network eXecutor),
can execute specifications in a Basic Temporal Logic, BTL, which can be used to automatically rewrite TILCO
propositional logic specifications by using simple rules. FOL specifications involving quantifications on finite
domains can be rewritten in propositional logic and thus in BTL.



4 Basic Temporal Logic

Basic Temporal Logic (BTL) is a propositional logic with And (A), Or (V) and with the Delay (9) operator,

where a true/false value is associated to each signal for each time instant.
The BTL syntax is the following:

formula := signal | —signal |
formula A formula | formula V formula |

d formula | §" formula | (formula)

As can be noted from the syntax the — operator can be applied only to signals and not to complex formulae.
Moreover, a BTL formula can be evaluated at an instant ¢ with @ operator or asserted on the whole temporal
horizon:

assertion := formula @t | ~formula @t | X formula

where F @t means that formula F' is true at time instant ¢, =F @¢ means that formula F is false at time
instant ¢ and X F’ means that formula F' is always true.
The operators are inductively defined in the following way:

(nA) @t —= -(A)@t
(ANB)@t <+ AQtABQ@t
(AVB)@Qt <+ AQtvB@t

()@t = (9'A)Qt

(" A)@t — AQ@(t—k)

A BTL specification is a formula always true.

4.1 TILCO in BTL

TILCO temporal operators can be easily translated into BTL by using the following formulas:

M
A@m,M] = oA,

M
A?[m,M] = \/ 974,

until(A, B) <= AV (BA 9 'until(4, B)),
since(4,B) <= AV (BAQ"'since(4,B)).

In order to automatically translate a TILCO formula to BTL some steps are needed. As a first step, the =
and <= operators are translated by using the following rewriting rules:

A=B +— -AVB
A<~ B —~ (A=B)AN(B=A)

after that, the - operator has to be propagated down to the signals using by the following rewriting rules:

-(AAB) — =AV-B
-(AVB) — —-AA-B
-(-4) — A
—(A?i) — -AQ@q
(A@i) — AT



Since there is no rule to propagate — operator for until and since, the —until and —since operators are
translated by using the following properties:

—until(—A,-B) <= AA(BV9 ' -until(—A,-B))
—since(—A,-B) <= AA(BV 9" -since(-A4,-B))

Moreover, since the —until and —since operators generally are not in the form needed to use these properties,
the following rewite rules can be used:

—until(4,B) +— —until(-(=A4),~(-B))
—until(—-A, B) +— —until(-A4,~(-B))
—until(4,-B) — —until(—~(—-A),-B)

—since(A,B) +— -—since(—(—A),—~(—B))
—since(—A,B) +— -since(—A,~(-B))
—since(4,-B) +— -since(—(—A4),-B)

Whereas @ and ? operators can be simply substituted by equivalent BTL expressions, the BTL definition of
since and until is recursive and thus requires the introduction of new literals. For example, TILCO formula:

A?(-3,0) Asince(4,-B) = until(4, B)
after = substitution and — propagation becomes:
-A@(-3,0) V —since(—~(—A),~B) V until(4, B)

then the substitution of the temporal operators (@, - since, until) is made, leading to the BTL formula:

(072 =ANd 1 =A) V nsince V until) A

(mnsince V (mA A (B V 9 nsince))) A
(nsince V (AV (=B A § —nsince))) A
(
(

—until V (AV (B A9 until))) A
until V (mA A (=B V 9~ —until)))

where signals nsince and until have been introduced to represent the —since and until formulae.

5 Temporal inference with BTL

An inference process produces new information by applying inference rules to known facts. These rules gener-
ally are composed of an antecedent which represents the condition to be satisfied, and the consequent which
represents the new information inferred.

For example:
(AANB)Q@Qt+- AQt, BQ@t

is an inference rule which states that if A A B is true at time ¢ then the fact that A and B are true at time ¢



can be inferred. The inference rules chosen for BTL are the following:

(ANB)@t + AQ@t,B@t 1T
-(AAB)@t,A@t + -BQ@t 11
-(AANB)@t,B@Qt + -AQt 11

-A@t + —(AAB)Q@t T1
-B@t + —(AAB)@t TL

A@t,B@t + (AAB)Q@t TT
(AvB)@t,~AQ@Qt + B@t 1T
(AVB)@t,~B@t + AQ@t 1T

-A@t,~B@t + -(AVB)@t T1
-(AvB)@t - -AQ@t,~BQt 11
A@t + (AvB)@t TT
B@t + (AvB)@t TT
(oFA)@t - AQ(t—k) 1T
-(oFA)@t F -A@(t—k) I L
AQ@t F (FA)@(t+ k) TT
-AQ@Qt F —(FA)@(t+k) TL
lQt + —(-l)@t -1
-(h@at + (-l)at —T
(-h@t F ()@t 1
—(-l)@t + 1@t =T

This set of rules have been classified in the following classes:

| T rules which propagate the truth from a parent formula to a child formula;
T T rules which propagate the truth from a child formula to a parent formula;
| L rules which propagate the falseness from a parent formula to a child formula;
T L rules which propagate the falseness from a child formula to a parent formula,;
— T rules which propagate the falseness of a signal to truth of the complementary signal;

— L rules which propagate the truth of a signal to falseness of the complementary signal;

It should be noted that for all operators, after applying a T rule, a | rule cannot produce new knowledge. For
example if A @t is true then rule A@¢+ (AV B)@¢ (7 T rule) can be applied and if B @1 is true then from
(AvB)Qt,~BQ@Qt+ AQ¢t (| T rule) can be found that A @¢ is true, but it was already known. Moreover if we
consider all the L expressions at a given time instant these were not found using | L rules. This can be proved
by considering that all the a priori information not associated to a signal is known true (the specification) and
the application of a | | rule after a T L one does not produce any new knowledge. For this reason this kind of
rules can be dropped. Also the T T rules are not needed since to their result cannot be applied a 1 L rule (the
rule produces a T while this rule needs a L) nor a | T rule (no new information can be inferred), only another
T T rule can be applied but this rules will never produce new knowledge about a signal. For this reason also
the T T rules have been dropped. As a result also the — T rules have been dropped since their result could be
used only with T T rules which are nomore present.

Therefore, the final set of inference rules for BTL is:

(ANB)@t + AQt,B@t 1T
-A@t + —~(AAB)@t T1

-B@t + —(AAB)Q@t TL
(AvB)@t,~AQ@Qt + B@t 1T
(AvB)@t,~-B@t + AQt 1T
-A@t,~B@t + =(AvVB)Qt T1
(FA)@t + AQ(t—k) 1T

-A@t F —(FA)@(t+k) TL

@t + =(-l)Q@t —

(@t + -()@t -1



5.1 A graphical view of temporal inference

Given a BTL specification, a graphical view of the formula can be built from its syntax tree. For each operator
the corresponding component presented in Figure 1 can be used.

ANB AV B AA
| |
ERIERIN
A B A B A

Joint Gate Delay Positive Negative  Always
signal signal true

Figure 1: The basic components

For example formula:
X(H—s A s = up)

states that signal up is true if at the previous time instant signal s was false and now s is true. This formula
is not written in BTL since there is the imply (=) operator, but it can be translated to BTL by using the
presented rewriting rules:

X(HsV sV up)

The syntax tree of this formula is depicted in Figure 2.

Figure 2: Syntax tree of up

A direction can be associated with the arcs connecting a parent to a sub-tree, either from the parent to
the sub-tree if the sub-expression is true or from the sub-tree to the parent if the sub-expression is false. This
association depends on the evaluation time instant, thus for each time instant different arc directions may exist.
For instance, in the up example, the fact that s is known false at time ¢ is represented by an arrow from the s
signal to the delay component. Moreover, since the always operator means that the expression is always true
there is also an arrow from the always component to the gate as depicted in Figure 3. With the association of
true/false with the arc direction, the inference rules reported in the previous section can be represented in a
graphical way, see Figure 4 where the black arrows represent the antecedents of the rules and the white arrows
the consequents.

When returning to the up example, an arrow from the delay to the parent gate can be drawn at the following
time instant by applying rule (D2) to the presented configuration. If at this time instant signal s is true, an
arrow from the —s component to its parent gate can be added. At this point, rule (G3) can be applied to draw
an arrow from this gate to the upper one. Since the always component imposes an arrow from it to the upper
gate then rule (G1) can be applied to draw an arrow from the gate to the up signal that can be interpreted
as up being true. This is correct since s is true and it was false at the previous time instant. This deduction
sequence is depicted in Figure 5. The inference rules can be applied also to the case in which up signal is known
false and s signal is known true: the fact that s has to be true at the previous time instant can be derived by
using these rules.



Figure 3: The up example, arrow configuration

6 Temporal inference networks

A temporal inference network is built from the syntax tree of a specification by applying the simplifications
reported in Figure 6 to eliminate the X component. Simplifications (1a) and (1b) are based on the following
properties:

Vt.(AAB)@Qt < (Vt.AQt) A (Vt.B@U),
Vt.(9"A) @t <= (VLAQ(t—k)) <= (Vt.AQ1),

which permit the propagation of X to the lower levels.
Simplification (1c) has been derived by considering the two | T inference rules of V operator:

(AvB)@t,~AQt + BQ@t
(AvB)@t,~BQ@Qt - AQ@t

When (AV B) @t is true for all ¢, if sub-expression A is false then B is true. Thus, if there is an arrow from
A to the gate then there is an arrow from the gate to B, and the same property holds in reverse order (from
B to A), as reported in Figure 4. The same behaviour is accomplished by eliminating the X component and
directly connecting sub-tree A to sub-tree B.

Other substitutions to eliminate signal components are reported in Figure 7. Simplification (2a) permits to
substitute two signal nodes of the same type (either asserted or negated occurrences of the same signal) with
only one signal node, with the same behaviour. If the signal (asserted or negated) is false, an arrow is drawn
from the signal node to the joint node, and the application of rule (J1) permits to derive the correct directions
of arrows for the two connections. On the other hand if a signal (asserted or negated) is derived as true from
upper levels, the signal node is derived as true by using rule (J2) or (J3). This substitution rule allows to replace
all the signal nodes of the same type with only one signal node.

Simplification (2b) permits to substitute two complementary signal nodes (one asserted and one negated)
with a arc connecting its parents. In fact, an arrow from the asserted to the negated node can be drawn if the
signal is known true or in the opposite direction if it is known false. Moreover, if the signal is derived as true
then an arrow from the asserted parent to the negated one can be drawn or in the opposite direction if the
signal is derived as false. In this way a signal is represented in the network by an arc labeled both with the
signal name and with an arrow in the middle meaning the direction to be given when the signal is known true.

If for a signal s there are present only asserted or negated nodes then tautology (sV —s) has to be added to
the specification to allow the substitution for s. By applying these simplifications the resulting graph has only
the three basic types of nodes (joint, gate and delay), and can be executed by using the defined inference rules.

Since in the temporal inference network of the up example the signal up is present only as asserted, tautology
up V —up has to be added to the BTL specification:

X((9 sV =8V up) A (upV —up))

In the up left part of Figure 8 the syntax tree of this formula is reported, together with the steps showing the
application of the simplifications (1a, lc, 2b, 2a, 2b).
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Figure 4: Graphical inference rules

6.1 Sketch of the execution algorithm

A temporal inference network N is formally defined as:
N =< N,k,p,1l,r >
where:

e N is the set of nodes;

e k: N — {A,V,9"} is a function which returns for each node its type;
e p: N — N is a function which returns for each node its parent;

e [: N — N is a function which returns for each node its left son;

e r: N — N is a function which returns for each node its right son;

An arrow from node ny to node ny of the network is represented as a couple (n1,n2), but at each time
instant the network can have different arrow directions, thus each arrow has a time instant. The fact that there
is an arrow from node n; to node ny at time ¢ is represented by the 3-ple (n1,ne,t) or in a more readable way

(n1,n2) @t¢. Such an element is also called an event.

The set T = [0, Tynaz] C Z represents the temporal horizon. The known information of a network is a subset
of D =N x N x T, whereas the inference process can be seen as a sequence of subsets of D, &9 C &, C ... C
®,, C D. The elements of ®p11/Py represent the new information which has been deduced from @ by using

the inference rules or acquired from outside via inputs.
A general schema for the algorithm is:

repeat forever
acquire information from outside;
if there is information to be processed
select an event to be processed;
infer new events from the event selected;



@(t+1)

@(t+1) @(t+1)

Figure 5: The up example execution

end if
add new information (inferred or acquired)
to information to be processed;
end repeat

This process can be detailed in the following algorithm, where:

e (g C D is the set of initial knowledge;

e w() is a function which for each evaluation returns a subset of D representing information acquired from
outside;

e \e@t,S) C D is a function which determines the events derivable from e @ ¢ on the basis of knowledge
S C D;

e variable ® C D is the set of available knowledge;

e variable A C D is the set of acquired information which has not been processed yet;

e variable VU is the set of new knowledge found during current iteration.

® — Qo; // initial info
A «— Qq; // initial info which has to be processed
repeat forever
U «— w()\ ®; // acquire new info from outside
if A # () then// if there is something to process...
choose e@t € A with the minimum ¢;
U—TUAe@Qt,d\A)\ P
// determine the new info inferred by e @¢
A — A\ {e@t};
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Simplification (1a): /T ) CTTTTTTTT ;

Simplification (1b):

Simplification (1c):

Simplification (2a):

Simplification (2b): N R B N

Figure 7: Simplifications to eliminate signals

// drop e@¢ from info to be processed
endif
A — AUT;// add the new info as to be processed
® — & U ¥; // add the new info to the current knowledge
endrepeat

The function A((n;,n,) @t, @) can be computed by using the temporal inference rules presented in the previous
section.

To obtain an evaluation of the amount of steps needed to produce the whole information for a single time
instant, the inference function A has to be causal. This means that it infers events in the present or in the
future with respect to event e @ ¢:

Ve@t, S, f@Qt'. f@t e ANe@t,S)=t<t

With this assumption, and by assuming that all the events in each sample of w share the same non-decreasing
time, an amount of steps equal to the amount of network arcs N, is needed in the worst case to drop from A
all the events with time 7, where 7 is the minimum time of the events in A Uw(). In fact, at each step the
algorithm chooses an event with time not less than 7 (neither A nor w can introduce in A events with time
previous than 7) and if an arc has been processed for a time instant it will be never reprocessed for the same
time instant. Thus it is possible to deduce that in the worst case all the arcs of the network are processed.

11



1. Initial 2. After simplification (1a)

4. After simplification (2b) 3. After two simplification (1c)
“up
up
.
S
5. After simplification (2a) 6. After simplification (2b)

Figure 8: Simplifications of the up example

By assuming that the time of the events in w() is not more than the minimum time of the events in A, meaning
that all the events referencing previous time instants have already been processed, and by using appropriate
data structures to store ® and A, the asimpthotical complexity for a single inference step (the “repeat” body)
can be evaluated as O(Dpqq + card I), where D4, is the maximum of the absolute value of delays present in
the network and card I is the size of w(), which is equal to the number of inputs. In this case, the maximum
time needed to infer all the outputs for a single time instant is an:

O((Dmag + card I) N,)

6.2 Real-time execution

The execution algorithm has been developed even for on-line execution, when continous input signals are sampled
and outputs are produced at a given rate. If the specification is strictly causal, meaning that current values of
outputs and internal variables depend only on present and past samples of inputs and internal variables, then at
each discrete time instant the outputs for the next time instant can be deduced by using the inference process
as depicted in Figure 9. However, the time comprised between two consecutive input acquisitions or output
productions may not be enough to deduce the information about outputs.

As showed in the previous section, if the inference function is causal at most N, inference steps are needed
to produce all the inferrable information for time ¢, where N, is the number of network arcs. The maximum

12
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Figure 9: Real-time execution

time needed for one step of the algorithm can be evaluated depending on the underlaying hardware and the
inference network structure (D42 ), so that the maximum time required to produce the outputs for an instant
can be found by multiplying this time duration for the amount of arcs of the inference network. If this time is
less then the time sample then real-time execution can be accomplished:

T‘? > Tm(m N(L

where T is the duration of the time sample and T,4,; is the maximum time needed to execute an inference
step.

In order to have a more accurate evaluation of the time needed, T},q, can be split in two times, Tipput +Tinfer,
where Tinpy is the time needed to add inputs to set A and Tinpe, the one needed to infer information. By
considering that, during execution, for each time sample there is only one step in which new inputs are acquired,
then condition on the time sample becomes:

Ts > Tinput + Tinfer Na

The condition presented do not change the asymphtotical complexity of the algorithm as evaluated in the
previous section, but may be useful when the evaluation of condition Ty > T4z N, fails.

7 An Example

The selected example is a control system by which a fictitious but dangerously unstable reaction evolves within
a control field under the supervision of a human operator. Therefore, the interacting components are:

e The reactor

e The human operator

e The control system, composed by:

— The field control subsystem, charged to manage field monitoring, feeding and cooling

— The reaction control subsystem, charged to manage reaction monitoring, feeding, ignition and ex-
tinction

— The supervisor subsystem, charged with the operational condition evaluation and the communication
with the operator

A scheme summing up the relationships amongst these components is shown in figure 10. The signals
appearing hereinafter have following meaning:

e Reactor interface:

— sense_field: sensors measure the field presence
— feed_field: field generators are feeded
— sense_overheat: field temperature is above danger level

13



cool_field: field cooling systems are on

sense_reaction: sensors measure the reaction presence
— feed_reaction: reagents are let in inside the reactor
— 1gnite_reaction: reaction ignition system is on

extinguish_reaction: emergency extinction system is on
e Human operator interface:

— switch_on: operator requests the process activation
— engine_halt: process is stopped on the ground of precautionary measure
— alert: situation requests the operator’s attention

acknowledge: operator realized the situation and process can go on
e Interface amongst subsystems:

— engine_on: supervisor subsystem requests process activation

— field_on: field is steadily on

— field_fault: field does not stabilize although it is feeded

— field_nominal: field temperature is steadily within working limits

field_overheat: field temperature steadily exceeds danger level
— reaction_off: reaction is steadily off

— reaction_fault: reaction does not stabilize although it is feeded
— reaction_persistence: reaction keeps on although it is not feeded

— warning: there is a pre-alert condition

sense_field sense_reaction

feed_field feed_reaction

e
Fl el d sense_overheat ignite_reaction ReaCti on
— Control REACTOR Control —
SyStem cool_field extinguish_reaction SyStem
— M

[ [ oo i ’

reaction_off
engine_on engine_on
v Y
field_fault reaction_fault
field_nominal SU p erv | sor reaction_persistence
System
field_overheat warning
A
engine_halt
switch_on
alert l acknowledge

Figure 10: A concise outline of the control system

If, on the one hand, the behaviour of both reactor and operator is not modelled herein, on the other hand
the control system is fully defined by the specification which follows:
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e Field control subsystem:

field_on <= sense_field @[—3,0]
field_nominal <= (—sense_overheat) @[—3,0]
field_overheat <=  sense_overheat @ [—3,0)]
field_foult <= feed_field @[—12,—1] A —field_on
feed_field <= engine_on V —reaction_off
cool_field <= since((d—field_overheat A field overheat) 7 [—20, 0], ~field_nominal)

e Reaction control subsystem:

reaction_off (—sense_reaction) @ [—2, 0]

reaction_on sense_reaction @ [—2, 0]
feed_reaction @ [—9, —1] A —reaction_on
(—feed _reaction) @ [—9, —1] A —reaction_off

engine_on A field_on N\ —warning

reaction_fault
reaction_persistence
feed _reaction

ignite_reaction feed_reaction A since(reaction_off , ~reaction_on)

Freeeee

extinguish_reaction since(—engine_on A reaction_persistence, ~reaction_off )

e Supervisor subsystem:

engine_on <= switch_on A (9 ~switch_on V switch_on) @ [—10, —1] A —engine_halt
engine_halt <=  since(field_fault V reaction_fault \V general_fault, switch_on)
warning <= —field_nominal V reaction_persistence V danger 7 [—15,0]
danger <= (field_overheat A reaction_persistence) V emergency
emergency <= —field_on A\ —reaction_off
alert <= since(d—danger N danger, ~acknowledge N switch_on)
—

general_fault (danger A alert) @[—35,0] V emergency

When restricting oneself to the reaction control subsystem analysis, one can notice that the reaction is
considered stable if it is measured as either absent or present for three consecutive instants. From this evaluation,
nine instants are the greatest interval allowed to get a steadily present reaction in a constant feeding condition,
afterwards an unsettled problem is notified to the supervisor system. The reaction is ignited only if it is feeded
and for all the time needed to grant its transition from stable absence condition to stable presence one. On
the other hand, possible further fluctuations which do not bring back to the starting condition do not cause
interventions as to bound control activity. The feeding is granted only provided that the supervisor subsystem
requests the process activation, the field is steadily on and there is no warning condition. The persistence of
residual reaction traces after nine instants of interrupted feeding is considered anomalous and for that reason
it is notified to the supervisor subsystem. If the latter does not request the process prosecution, the emergency
shutdown system is activated and kept on until a stable reaction absence condition is reached.

A graphical representation of the network corresponding to the described specification appears in figure 11,
while an execution example of the overall system is shown in figure 12.

By observing the signals’ histories which appear in the example you can notice that the ignition happened
in a regular way after the reactor activation request, but then an overheating condition occurred, which caused
the reaction feeding shutdown and the cooling systems’ activation. Since the reaction persists even in absence
of feeding, the alert starts ringing and the operator is careful to turn it off by using the suitable signal. In
fact, rather than do anything else, he prefers requesting the reactor shutdown, which happens by activating the
emergency extinction system.
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Figure 11: Network corresponding to the reaction control subsystem

Figure 12: An execution example
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8 Conclusions

This report has described the executable model for TILCO specifications, based on Basic Temporal Logic (BTL)
and Temporal Inference Networks (TIN). TILCO specifications can be executed after having been transformed
in BTL and represented by TIN networks. Each TIN network presents a set of nodes on which the inference
rules are applied to produce the outputs on the basis of inputs, and thus to execute in real-time the specification.
The TIN engine has been implemented in C++ and can be used under both Linux and Windows platforms. It
permits also the integration of complex, time dependent behaviours in Visual C++ applications, where the use
of traditional programming languages turns out to be difficult and very time consuming.

The work proposed in this article has been partially supported by MIUR (Italian Ministery of University
and Research), with QUACK project in which several other universities are involved.
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Integrated Development Environment
for Real-Time Systems:

Temporal Logic and C++

Introduction

Often we have got an idea. In mind the power of abstraction makes the project simple and easy to
understand in details. If someone asks for description, it will be natural defining, rule by rule, every feature or
requirement of this imaginary object. A logic mind does not meet any problem in formally showing what it
want to.

Sadly, during the project realization, some steps do not appear so easy, no more. It is mandatory taking
compromises and being satisfied. In the end, the idea, such a high-level concept, becomes a prototype that
only just can fit some base-requirements, which were skipped during the analysis. Why such a pure idea
cannot find a satisfying realization ever?

About software development, the same problems grow up: the products are acceptable, but not exactly
our aim so far. In some cases, in applications where system-fault are not allowed like real-time system, the
classical approach of development is not enough. It is necessary to safely engage description and realization.

The project, illustrated in this article, is an important result about communication between description
and realization: more closely between temporal logic TILCO-X, useful for describing the behaviour of
systems, and C++ language, needed to execute functions for system manipulation.

This document will take an overview of a real-time controller final product of this new approach. It is
organized in several section: first of all it is necessary to give an idea about how the controller works, then it is
suitable to explain which develop system is provided to set-up every part of the controller. In the end a
simple use case is discussed, form the behaviour specification to the 1/O function customisation.

Control model

The real-time controller join two opposite program approaches: operational and denotational.

The operational approach, the most used, allows the programmer to force the sequence of the operations
for the system and to control the time when they are executed. In the denotational way, who programs, can
show to the machine the rules that it must respect, without explanation about how it can satisty those rules.

The control model we show tries to get maximum benefit from both approaches. More precisely, our aim
is to contain every relation rule about system events in a formal language, enjoining all the advantages of a
strict description, and to handle the real-world interaction by operational programming, using powerful
instrument to access to data-structures, drivers and system environment.

Furthermore, this controller contain:

* a “logic brain”, really flexible about event relation changes;

* a “real-time heart”, that synchronizes every control action and samples the system at a fixed time-
resolution;

* several “procedural senses and limbs”, which can easily interface to every device and make the controller
itself universal, that is to say effective with every kind of application.

In Figure 1 is illustrated a intuitive view of the controller structure.

The controller is modular, inside is built by many element of the same kind. These blocks are the
executable form of the behaviour specification written in TILCO-X or parts of it. They are contained in a
real-time structure, where a “sequencer” periodically evaluates the conditions, deduces the action to apply and
executes them. These evaluations and actions are performed by a set of C++ procedures; they are the
interface between logic and procedural environment and make the controller reactive.



The modular structure allows the programmer to reuse several sub-parts of the controller for more
applications, as example the C++ interface used to control a device, or the logic specification of a periodic
events. In this way it is realizable a library of logic and procedural parts.
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Figure 1 - Control model

The controller is discrete-time; the step sequence that gives reactive properties is based on three step, as

illustrated in Figure 2.

1. Evaluation - at the sampling instant the input interface carries out the evaluations: user-defined functions
that check condition in the system.

2. Logic deduction - during the sample period the deductive part takes the input result events and, based
on the behaviour description, generates other output events.

3. Action — at the next sampling instant the output bound change the system executing actions related to
the output events: as the input evaluations, they are user-defined to perform the suitable action. The
reactive changes to the system are performed by the controller only after the whole sample period is
elapsed.

The input-output delay is maximized to give enough time to the deduction step, but is kept constant.
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Figure 2 - Control sequence



Object Oriented Implementation

Every basic element of the control model becomes a C++ class or a group of them.

The logic engine has been created as TIN (Temporal Inference Network) class, which loads from a file
the behaviour specification (or a part of it) that it must control. For each I1/0O literal in the specification, this
object keeps a references to an IODev class, which should be linked with an instantiated I/O device.

A generic I/O device is modelled by an Input class object for what is evaluated by the controller or by an
Output object if it is linked to an output literal in the specification.

All the Input and the Output references are collected separately in two arrays called InBox and OutBox,
while TIN object references are stored in a TINBox object.

The Rtexec class contains all these containers to run the basic steps previously described.

1. Accessing from the InBox, it executes the SCan method of each Input device: this perform the
evaluation step.

2. From the TINBox array it controls the deduction process ordering to each TIN object to read data from
the Input devices and to start the inference algorithm to determine the output events.

3. When the sample period is elapsed, scrolling the OutBox container, it performs all the reactive actions
that are necessary.

In Figure 3 is illustrated an object diagram of the controller .
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Figure 3 - Object Diagram



Process Control

The standard I/O models can be extended to obtain more complex structute, suitable to those realities
which consider evaluation and action.

The process control needs thread and semaphore models, both of these use this new interface concept,
illustrated in Figure 4.

Inference engines

Input | | r__ \ - 'r ‘_j ________ Output
model ! < > ! model
T il | A N |
: ===t - i _\q___/ i i
i I ;
| N i
; ; ;

Input Input Output
model model model

Complex Model Interface

Figure 4 - 1/0 Model Extension

The idea is to model the thread and the semaphore within an Input device for each state condition that
has to be evaluated and an Output device for every action that has to be performed on it. These included
device are linked to the logic as the standard one.

Therefore the TINThread class is the thread model for the controller and it includes:

* a StartOutput object— the device that starts the thread,
* aKillOutput object — which terminates the thread,
* a RunningInput object — which evaluates if the thread is running,
* a CommandInput object — which is necessary to trace if the last execution succeeded.
The semaphore model is the TINSemaphore class and it provides:
e a SignalOutput object— the device that release a thread which was waiting,
* a WaitingInput object — which knows if a thread is waiting or not for the release signal.
Everyone of this device is inherited from the standard device classes Input and Output.
The class that combine this two entities is TINThreadWithSemaphores and is necessary to handle
synchronization problem with TILCO-X.
From the “logic side” there ate function-literals correlated to every action/evaluation of these objects; this
allows to write specifications that are readable and semantically controllable.
The TILCO-X compiler syntax must include new types for the parameters: thread and semaphore.
The function-literals (or parametric literals) that use these new variables are illustrated in Table 1.

Using thread only Using thread and semaphore
start(<thread>) signal(<thread>,<semaphore>)
Output kill(<thread>)
running(<thread>) waiting(<thread>,<semaphore>)
Input succeeded(<thread>)

Table 1 - Process control function-literals



Architecture

This project is grown-up from a starting point that is TILCO-X; around this important language took
place a bigger project, which includes other tools for the logic manipulation: TOTS.

This is really useful because, dealing with all behaviour aspects inside the logic, it is necessary to confirm
exhaustively that the specification really fit with the problem. Before insert a specification inside a real-time
controller every kind of checking has to be made.

Briefly, TOTS includes:

* instruments for property proof of the specification, Isabelle and Giselle;

* a compiler, fileox2tin, that translate the specification in a Temporal Inference Network, which is a
representation of the same rules but in a more executable format, editable by TinEdit,

* instruments for simulation tests, made with simple file I/O, suitable for the history checking, which are
tinx, for the execution, and SgnEdit for a user-friendly handle of the signals;

* a develop system that allows, after a valid specification was written, to include it as controller engine
fixing up the I/O function; this raise TILCO-X to face directly to the real-world.
Every part of TOTS and the steps in building a logical controller are illustrated in Figure 5.
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Figure 5 - TOTS

The steps of describing the behaviour and defining the actions and the evaluation of the controller are
separated. By the way, it is important that the specification and the procedures are conceptually joined. In fact
is possible to write a rule like hightemp @[—5,0] < start(cooler) and is intuitive what it rules: if a read
temperature is too high during some time instants a cooler task must start. It would be nice that specifications

was written thinking about what they are designed to control. This make TILCO-X a really useful language to
control real-time systems.



Development system

This new method to define real-time system would not be really advantageous without an usable
development system; a tool which aids the user to build the system completely, starting from the idea.

The attention has to be focused on the description step, this is the most risky part of the development,
where every small bug generates unpredictable behaviours, which are hard to find in a debug section. A part
from the denotational validation of the rules, the link step between rules and interfaces to the external
environment should be strongly aided.

A semantic control is suitable to obtain a good specification linked to the external world correctly; if the
action is written in the associated literal, as example starting a thread is start(<thread name>), the semantic
control can see if #hread name is effectively the name of a system thread. The programmer has to list every
object that plays in the controller, as threads, semaphores, inputs and outputs; this information allows the
development system to make the semantic control on the rules of the specification.

To create the controller in an executable form the following step has to be considered:

1. list of all the entities of the controller in a declarative file (. bt h” extension), these names could be used
as variable in the behaviour specification;

2. to explain the relationships between events in one or more specification files (. bt h” extension), every
requirements that express a synchronization rule must appear in this section;

3. to compile the specification files with #kox2#n including the declaration part, this ensure the semantic
control checks the consistency of the rules;

4. to run the code generator #nconf based on the declaration file, it creates C++ source files which
automatically sets up the controller creating and linking the interfaces to the literals in the rule;

5. to customize the source code to perform the right control action, filling some empty procedures as in the
event-driven programming style;

6. to link the C++ source files with the controller kerner, which is a class library created for this aim,
obtaining an executable file, which will load logic files (. t i N’ extension) at run-time.

In Figure 6 these steps are reviewed.
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Figure 6 - Development system



Control Example

The example we deal with consider same aspects that are basilar real-time possible requirements:
periodicity, time-out, mutual exclusion. The problem requirements schema is illustrated in Figure 7.
The key elements of the behaviour are:

* Refresh — the thread who refresh the data-structures in memory must run periodically to maintain true
values in the apposite data;

* Retry — another thread, who accesses to a communication channel, must finish his procedure in a fixed
time interval, if not it must be killed and restarted as soon as possible.

*  Mutex — the application thread, who prints data results on the screen, reads from the same memory area
accessed by the refresh thread, the mutual exclusion between these two activities must be performed.

Refresh Thread Application Thread Attempt Thread

i . ¢ »

mutual
exclusion

|
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: >
—_— X time-out = 7 7
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The refresh specification (Specification 1) express that the start signal to the refresh thread must be
given after a fixed number of sample (25) from the previous start signal if everything went well, that is the
thread started and it terminated with success:

start(ref’) = —start(ref)@[—24,—1] Usucc
succ < (6—- running (ref’) Urunning (ref )) Usucceeded(ref")

>
Ao

N

Figure 7 - Control example

Specification 1 - Refresh

where start(ref’) is the start signal to the refresh thread and succ evaluates if the previous execution was ok;

the literal running(ref’) is true when the refresh thread is running and the sub equation in patrenthesis is
nothing more than a #p expression, that is it evaluates when the signal raise up.

The specification about killing and restarting the connection attempt thread (Specification 2) needs the
since operator. It times the execution of the thread from the instant it starts and send the kill request if it does
not finish in 10 instant and then after it is really terminated send again a start signal:

wait,,, < since(start(attempt),—lrunning(attempt)

wait ., = since(kill(attempt),running(attempt))

kill,,, < since(@waitbirth Dﬂwaitbmh,running(attempt))@[—l0,0]
kill(attempt) < 0-kill,,, Ukill,,,

start(attempt) < (a—lstartmq Dstartmq)D(awaitdmth Dﬂwaitdemh)

Specification 2 — Retry



where the wait literals are true when the start signal is send but the thread is not running yet; the start,,, is an

external input that activates the connection attempt, kill,,, instead is generated automatically and on its raise

step 1s send the kill signal. It has to be notice that every request signal should be sent on a instantaneous
literal to ensure that this signal was not sent several times without answer.

The mutual exclusion protocol is performed using two semaphores, but controlled by the specification.
These semaphore can tell the controller if a thread is waiting on them and the release signal can be sent only
by the behaviour specification.

The interested specification (Specification 3) must trace which thread is trying to access to the critical
section and send the release signal to allow the thread in. They are needed two semaphores because we have
to know when a thread is going out form the section.

signal(ref ,enter) < - since(@signal (ref ,enter), waiting (ref , enter)) Uwaiting (ref ,enter)
U=inside(app)
signal(app,enter) < - since(@signal(app,enter),waiting(app,enter)) Uwaiting (app,enter)
U-inside(ref ) U~ waiting(ref ,enter)
signal(ref ,exit) < - since(ﬁsignal(ref ,exit), waiting (ref ,exit)) Uwaiting (ref ,exit)
signal(app,exit) < - since(asignal(app,exit), Waiting(app,exit)) Uwaiting (app, exit)
inside(ref) < since(signal(ref senter),~signal(ref ,exit))
inside(app) < since(signal (app,enter),— signal (app,exit))
Specification 3 — Mutex

where the literals with two parameters are related to the semaphore. The literals inside(ref) and
inside(app) are parametric but they are determined by the rules and they are true when the related process is
working in the critical section. The sub expressions = since(...) were included to avoid sending multiple
signal when the thread do not restart immediately.

These patts of the behaviour specification are written in three different files: refresh. btl,
retry. btl, mutex. btl. The variables included must be listed in the declaration file t €St 1. bt h, the
following elements are considered:

* thread ref — the refresh thread which is responsible of the data-structures refresh;

* semaphore enter, exit — the semaphore used in the mutual exclusion for the thread which request to
enter or exit;

* thread app — the application thread, which is concurrent with the refresh thread;

* input start_req — the start signal for the communication attempt;

* logic refresh(50) — the logic that is responsible about the periodicity of refresh thread;

* logic mutex(10) — the logic that handle the exclusive access to the critical section;

* logic retry(20) — the logic that control the time-out condition of the communication attempt.

This declaration must be included in the specification file, in this way all the variables included in the rules
are really connected with external devices. This file consider the information about which logic file has to be
loaded too; surely this information must be skipped by the compiler and for this it is located inside pre-
processor instructions.

Another file must be included to complete the definition of the parametric literals used in the rules; in
t hr sem bt h are defined the new types, thread and semaphore, there are specified the literal prototypes
that use thread or semaphore variables.

The specification files must be compiled with #/ox2tin, which checks if all the variables used in the rule
were previously declared; and they produce three logic file for the real-time execution: refresh.tin,
retry.tin,mutex.tin.

The declarations must be processed by #nconf, this program creates four C++ files:

e testl.h — baseheader;
e testl.cpp — source file that create and link the I/O objects to the logic;



* testl_customh — custom header, where is possible to modify the definition of the base classes
dedicated to the I/O interface;
e testl customcpp — custom source file, where has to be inserted the evaluation or action
procedures, filling empty methods of the I/O classes.
The method t ORUN must contain the run code of the thread, inside it is possible to insert the waiting
commands for the semaphores; for example, the resource usage simulation of the refresh thread is illustrated
in Code 1 as the customisation of the method eval of an Input device.

io_val Input_start_req::eval ()

{
/I key press |nput

i f(kbhit())

if(getch()=="1")

return(l O TRUE);

/lvalues read fromthe |ogic
return(l O FALSE);

}

bool Thread ref::toRun()
{

/1 Something to refresh
unsigned long to wait;

printf("9%d\n", getTickCount());
printf("Waiting for IN\n");

/laccess request to the critical section
wai t OnSen{ enter) ;

[lgranted...
printf("Let's go!!!l\n");

/I resource usage sinulation

to_wai t =(unsi gned | ong)(rand()/100);
printf("Refreshing this... %d\n",to_wait);
sl eep(to_wait);

/I resource usage sinulation

to_wai t=(unsi gned | ong)(rand()/100);
printf("Refreshing that... %d\n",to_wait);
sleep(to_wait);

printf("Waiting for QUT\n");

[Inotifying exit fromthe critical section
wai t OnSenm(exit);

printf("Bye bye!!l\n\n");

/I succeeded fl ag
return(true);

Code 1 - Customisation

After this editing step, the controller is ready to be formed by linking all the code files with the library.
In Figures 8, 9 are illustrated some snapshots from the controller run-time execution.
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Figure 9 - Mutual exclusion

The aim of this project is to ensure a rigorous approach to the process control task especially for the
synchronization objectives; taking confidence with TILCO-X as formal language, should be much easier to
develop real-time controller. All the relationships between events are described (not implemented) in the
specification. It is possible to proof that what is written in rules satisfies all the safeness requirements; this
reduces a lot the reliability problem in developing real-time system.



IDE for real-time system: Temporal logic and C++

A Controller for crossroad signals: Traffic-Light Simulator

Introduction

The aim of this technical report is to describe the whole experience that has been collected during our first attempt in
developing a "real" system with a new IDE, which integrates declarative and imperative programming. The IDE allows
building a C++ project; in this project a new kind of source can be integrated: TILCO temporal logic files can be added
and compiled into the project and they take care of time relationship between events.

This report explains each step of this development process and finally it analyzes how complete is the IDE and which
procedures should be more quick and intuitive.

Crossroad traffic environment

The crossroad traffic devices considered in this simulation are shown in Figure 1:
*  2roads

* 4 traffic-lights (2 direction x 2 roads)

* 1 disable switch

* 2 emergency requests (one for each road)

e 4 traffic panel (as the traffic-lights)

'hTRAFFIE LIGHT SIMULATOR {controlled by TILCO)
File Help

Disable | ]

- Call Emergency

— Call Emergency |

Figure 1: Crossroad signals



Specification of a traffic-light crossroad behavior

To specify the behavior of crossroad signals is not so natural as it likes. A crossroad traffic light system is typically
realized with a simple state-machine. The state sequence of the car flow in the crossroad is the base of the traffic
behavior. Some additional features have been added to make this workbench complex enough to measure meaningful
evaluations on development system properties.

Informal description of a crossroad traffic light system

1 The car flow alternates between the two roads and the nominal cycle of a traffic light follow the sequence

e green
e yellow
e red

e red-yellow

2 If the system is disabled the lights start to blink on the yellow color

3 Ifaemergency condition is assumed on road A, the light sequence run as soon as possible on green color to road A4,
while respecting safety conditions

4  The traffic panel must show commercial spot in a road only when the car flow is stopped in the same road,
otherwise it communicates information about traffic situation nearby the crossroad.

1% Step: Create a state sequence

First of all, during normal mode, the traffic environment follows a state sequence. In the analysis various traffic
scenarios have been recognized and symbolic names, based on the car flow (go, warning, alert, stop), are assigned to the
corresponding states. A complete cycle of traffic signals executes this sequence alternatively between two roads.

In the specification the state order and time constants for each state should be expressed. These parameters should be
clearly visible in the rules and they should not appear more than once in the specification, some rule examples are
illustrated in Specification 1 and Specification 2.

go, < since(up _go,,mup _warning , )

warning , < since(up _warning ,,mup _alertA) “stateg,,, is true since its activation signal

alert, < since(up _alert ,,—~up _stop, ) up _statep,,, becomes true, until activation signal
stop,, = since(up _stop ,,~up _go,) of the next state in the sequence up _ nextstate,,
go, < since(up _ 80y, mup _warning , ) is false”

Specification 1: state order

up _go, = stop, @[-STOP_TIME, 0)

up _warning , < go, @[— GO TIME A, 0) “activation signal of next state up _ nextstate,,,,, is
up alert, = warning @[— WARNING TIME, 0) true after state, ,, has been true for all the duration
up stop, < alert, @[— ALERT TIME, O) of its time constant”

up _go, < stop, @[— STOP_TIME, O)

Specification 2: state time constants

2" Step: Interface state with boolean light signals

Traffic lights do not accept states like “go,” (free way for cars in road A) as control signal, but, considering every state,
it is possible to determine the traffic light configuration for each road like “green” or “red-yellow”.

After mapping light configurations to flow states it is necessary to map these configurations to boolean signals for each
single light element in the traffic light, so as to determine which lights are “on” or “off”. For example, in the red-yellow
configuration red light and yellow light are on instead of green that is turned off.

Some rules of the two phases state-mapping are illustrated in Specification 3 and Specification 4 and the normal
sequence of the lights is shown in Figure 2.



green, < go ,

yellow, < warning , Ualert “configuration green , is true if and only if the go,
red , < stop, Ugo, Uwarning state is true”

red _ yellow, < alert, Ustop, “configuration yellow, is true if and only if

greeny < 8oy warning , state or alert , state are true”

Specification 3: car flow to traffic light configuration

green _signal , < green,
yellow _signal, « yellow, Ured _ yellow, “light signal green _signal , is true if and if only

red _signal , = red , Ored _yellow, o
. the green , configuration is true”
green _signal, < green,

Specification 4: traffic light configuration to light boolean signal

Car flow states

go 1 | warning 1] alert 1 | stop 1 | go 2 | warning 2| alert 2 | stop 2 |
Traffic light presets
green | yellow | red | red-yellow
red | red-yellow | green | yellow | red
Light signals

Figure 2: States to output signals mapping

3" Step: Exceptional conditions

The development of a real-time system, which simply performs nominal sequence of the traffic signals, is a trivial
result, but the safe handling of exceptional conditions, by just extending the behavior specification, is much more
interesting.

In this step some exit departures from normal sequence are considered; for example the disable request should be
satisfied only when both car flows are stopped: it is possible to switch on disable mode at the end of a “stop” state.
After an emergency request the aim is to make the wait period of a vehicle on the road interested by the request as short
as possible, while granting all the safety conditions like a minimum time for the “go” state in the other road (as is
written in Specification 5).

up _warning , < (go, @[_ GO _TIME A,0)0 “activation signal of warning , state is true after
—emergency _req )] g0 , has been true for its normal duration and no
(8o, @[_ GO_MINIMUM TIME, 0)(J request has been issued, or go , has been true for its
-emergency _req, Uemergency _reqy) minimum time constant and an emergency request is
issued by road B without road A preemption”

Specification 5: emergency request satisfaction



4™ Step: Thread panel control

Display panels have been included into this system exclusively to explain how easy is to perform thread control with
this IDE. Panels show something active, which moves or scrolls. If the implementation of scrolling is demanded to a
dedicated thread; the start and the kill signal has to be sent to such thread depending on the car flow, taking in account
the informal specification. For instance, a kill request is sent to the thread that runs commercial spots when the car flow
restarts on the road; this behavior is illustrated in Specification 6.

“a kill request to the thread, which is responsible of
kill (commerce A) - showing commercial spots on road A, is sent since the

since(up _alert, Oup _disabled, running(commerce 4 )) alerty or disable activation signal are true until it

is satisfied”
start(infoA) o —disabled [ “a start request is issuqd to'the' other threaq, which
. ( f (k‘ll( )) k'll(‘ )) shows traffic information, if disable mode is off and
since{down(kill\commerce,, )), kill\info, since the previous kill request has succeeded until this
thread receives a stop request”

Specification 6: thread activation and deactivation

Complete Specification

The whole set of rules is presented in Source 1 and Source 2.

Beside some TILCO symbols conversion to stardard ASCII codes, like ] to & some more explanations about to write

a specification file are needed:

v" header files — The specification starts with some preprocessor instructions with the aim to include some libraries,
which contain definitions and rule macros. The si gnal . bt h header contains operators “up” and “down”
definitions; the t hr sem bt h file is richer and includes all the instruments needed to handle thread and semaphore
functions. The last include statement is expected by the development system and declare the I/O signals that
interface C++ environment.

v time constants — This section improves the readability of the rules about the state sequence by defining a set of
mnemonic constants, which represent states duration and make easier modifying the sequence timing.

v’ state sequence and triggers — the switch literal is introduced to drive the system in the disable mode, if it has been
requested, after a stop state. The disable control is a gate for the disable_request signal: while emergency
situations are active it is ignored, otherwise it causes the disable state entering; when such state is exited the system
restarts the sequence from a sfop state.

v’ thread management — the specification source for thread control is slightly different from what has been presented
above: safe_start and safe_kill functions have been defined in the thread control library (t hr sem bt h), so to
allow keeping true a thread activation signal until the activation occurs while granting that the actual activation
request (start or kill function) is bounded within a single time instant.

v simulation — the specified system simulation can be accomplished by giving a description of the thread behavior.
The simulated_thread rule fits for this purpose by expressing reasonable hypotheses about the running state history
depending on start and kill functions. With this addiction the specification becomes testable in off-line mode.

Some validations of the specified behavior

The specification is the most important source of this project; it rules every time relationship in the real-time system.
This aspect has migrated in this new type of source code because using an operational style is quite hard to ensure a
correct solution or to debug it when it does not work. Two steps of validation are presented below.

Properties Proof: State sequence

This case study is a typical state machine example, its behavior is based on a set of rules that specify a state sequence.
Since such a general problem has been faced, an open solution, like a template, could be presented for state-sequence-
like behavior.

The interested rule set should be formally validated. The property about activation of one and just one of the states in
the sequence in this example has been mathematically prooved for each time instant. Such property is presented in
Specification 7; the state sequence template considered for this proof does not use any input signal; its evolution
depend only by initial state. For this reason it has been proved if the condition is respected at time ¢ is the same for #+/
instant.



just _one _state <

(gOA U-warning , U~alert , 1-- ) O “property checks if just one of the states in the normal
(~go, Owarning , O-alert, O---)O--- sequence 1 active.

“property is valid for each time instant.”

just _one_state=> just one_state@]

Specification 7: state sequence property proof

History checking: Response to input signals

This validation step is more "practical", history checking produces output signal histories from input ones, which are
given. This simulation of the real-time behavior is made off-line and in this case an "ad hoc" tool , like SgnEdit, is used.
As it has been said above, the behavior is not completely defined, because it depend on input signals like running
functions that watch thread reaction to the start or kill request. The specification has been completed for history
checking test adding simulated thread rules (macros defined int hr sem bt h).

The aim of this testing is to confirm the expected response which is driven from input signals like disable or emergency
requests. The histories of this signal are coded in simple input files, which are processed by the executable tinx. This
application taking into account the compiled specification produces the respective output histories. The visualization
tool (a snapshot is illustrated in Figure 3) allows to modify and easily watch the I/O behaviour
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Figure 3: History checking snapshot (disable request satisfaction)



/| Headers

#i ncl ude "signal . bth"
#i nclude "t hrsem bt h"

#i f ndef SI MULATI ON
#include "../src/traffic_light.bth"
#endi f

/'l Constants

#define GO TIME_1 16
#define GO TIME_2

#defi ne EMERGENCY_GO TI ME
#def i ne WARNI NG_TI MVE
#define ALERT_TI ME
#define STOP_TI ME

#define BLI NK_TI ME

#def i ne BLI NK_RATE

DWNWkAOAOPR
=

// State sequence

aux go_1, alert_1, warning_1, stop_1, up_go_1, up_warning_1, up_alert_1, up_stop_1, switch_1,
go_2, alert_2, warning_2, stop_2, up_go_2, up_warning_2, up_alert_2, up_stop_2, switch_2;

init ~go_1 @0, ~warning_1 @0, ~alert_1 @0, stop_1 @O,
~go_2 @0, ~warning_2 @0, ~alert_2 @0, ~stop_2 @O0, switch_1 @1;
go_1 == since(up_go_1, ~up_warning_1);
war ning_1 == since(up_warning_1, ~up_alert_1);
alert_1 == since(up_alert_1, ~up_stop_1);

stop_1 == since(up_stop_1, ~switch_1);

go_2 == since(up_go_2, ~up_warning_2);
war ni ng_2 == since(up_warning_2, ~up_alert_2);
alert_2 == since(up_alert_2, ~up_stop_2);

stop_2 == since(up_stop_2, ~switch_2);
// State triggers

#i f def SI MULATI ON
i nput emergency_request_1, energency_request_2, disable_request;
#endi f

aux di sabl e_control, disabled, up_disabled, down_disabl ed;
init ~di sabl ed @O0;

di sabl ed == since(up_di sabl ed, disable_control);

up_di sabled == (switch_1 | switch_2) & disable_control;

down_di sabl ed == down(di sabl ed);

di sabl e_control == disabl e_request & ~enmergency_request_1 & ~energency_request_2;

up_go_1 == switch_2 & ~disable_control;
up_warning_1 == (go_1 @[-GO TIME_1, 0) & ~energency_request_1) |
(go_1 @[-EMERGENCY_GO TI ME, 0) & ~energency_request_1 & emergency_request_2);
up_alert_1 == warning_1 @[-WARNI NG TI ME, 0);
up_stop_1 == alert_1 @[-ALERT_TIME, 0) | (down_disabled & energency_request_2);
switch_1 == stop_1 @[-STOP_TIME, 0);

up_go_2 == switch_1 & ~disable_control;
up_warning_2 == (go_2 @[-GO TIME_2, 0) & ~energency_request_2) |
(go_2 @[-EMERGENCY_GO TI ME, 0) & energency_request_1);
up_alert_2 == warning_2 @[-WARNI NG TI ME, 0);
up_stop_2 == alert_2 @[-ALERT_TIME, 0) | (down_di sabled & ~enmergency_request_2);
switch_2 == stop_2 @[-STOP_TIME, 0);

Source 1:traffic. btl —part1




/1 Disabled state behavi our
aux yel l ow_blink, blink_tick;

blink tick == (disabled & ~blink_tick @[-BLI NK_RATE, 0)) | up_disabl ed;
yel low blink == disabled & (blink_tick ? (-BLINK TIME, 0]);

/1 Crossroad to semaphore state nap

aux green_1, yellow 1, red_1, red_yellow 1,
green_2, yellow 2, red_2, red_yellow 2;

green_1 == go_1,;

yellow 1 == warning_1 | alert_1
red_1 == stop_1 | go_2 | warning_2;
red_yellow 1 == alert_2 | stop_2;

green_2 == go_2;

yellow 2 == warning_2 | alert_2;
red_2 == stop_2 | go_1 | warning_1;
red_yellow 2 == alert_1 | stop_1;

/1 Light signals generation

#i f def S| MULATI ON
output red_signal _1, yellow_ signal _1, green_signal _1
red_signal _2, yellow signal _2, green_signal_2

#endi f

green_signal _1 == green_1;

yellow signal _1 == yellow 1 | red_yellow_ 1 | yellow_ blink;
red_signal _1 == red_1 | red_yellow 1;

green_signal _2 == green_2;

yellow_ signal _2 == yellow 2 | red_yellow 2 | yellow_ blink;
red_signal _2 == red_2 | red_yellow 2;

/1 Thread managenent

#i f def SI MULATI ON
thread info_1, info_2, commerce_1, commerce_2
#endi f

safe_thread(info_1);
safe_thread(info_2);
safe_t hread(comerce_1);
saf e_t hread(comer ce_2)

#i f def SI MULATI ON

sinmul ated_thread(info_1, 2);
simul ated_t hread(info_2, 2);
simul at ed_t hread(comerce_1, 2);
simul at ed_t hread(commerce_2, 2);

#endi f
init ~safe_start(info_1) @0, ~safe_kill(info_1) @O,
~safe_start(commerce_1) @0, ~safe_kill(comerce_1) @O0;
init ~safe_start(info_2) @0, ~safe_kill(info_2) @O,
~safe_start(comerce_2) @0, ~safe_kill (comerce_2) @O;
safe_kill (info_1) == since(up_stop_1 | up_disabled, running(info_1));
safe_kill (info_2) == since(up_stop_2 | up_disabled, running(info_2));
safe_kill (comrerce_1) == since(up_alert_2 | up_disabled, running(comerce_1));
safe_kill (comerce_2) == since(up_alert_1 | up_disabled, running(comerce_2));
safe_start (comrerce_1) == ~di sabl ed & since(down(safe_kill(info_1)), ~safe_kill(comerce_1));
saf e_start (comerce_2) == ~di sabl ed & since(down(safe_kill(info_2)), ~safe_kill(comerce_2));
safe_start(info_1) == ~disabled & since(down(safe_kill(comerce_1)), ~safe_kill(info_1));
safe_start(info_2) == ~disabled & since(down(safe_kill(comerce_2)), ~safe_kill(info_2));

Source2:traffic. btl —part2




Controller development

A real-time controller for the traffic light signals has to drive directly all I/O terminals of the connected system.

With this new IDE, as soon as the specification is written and compiled, the I/O devices, which are needed to interface
the traffic signals with the controller, remain to be declared. After the I/O elements list has been created, the automatic
configurator of the IDE generates code for device linking with the inference kernel. The controller is completed by
editing the code of the I/O classes just created to embed the I/O devices, controlled by the specification, into the real
system.

The development steps are summarized in Figure 3.

Decla}ratlon include
file
(I/O devices
list)
Y
compile Specification
file
y (I/0 devices
Automatic behavior)
Generated
C++ Code
(I/O devices compile
link)
Y
Temporal
edit Inference
Network
L / file
. (behavior
I/O Devices translated for
C++ Code real-time
(I/O devices execution)
customization

and integration)

Application

C++ Code
(external
aspects
implementation)
Pre-Compiled
Controller
Library
(controller
kernel)

load

Figure 4: sources-to-executable development steps



1%t Step: List the 1/0 devices

The I/O terminals in this case study are responsible of controlling light switches and the active text panels.

The exhaustive list is presented in Table 1; it is the starting point of the development system and influences, taking into
account types of declaration, the automatic configuration code written in C++ source, where class names and instances
are defined.

Disable_request
Input
Emergency request 1 emergency request 2
green_signal_1 green_signal_2
Output yellow_signal_1 yellow_signal_2
red_signal 1 red_signal 2
Thread info_1 info_2
commerce 1 commerce 2
Road 1 Road 2

Table 1: I/O devices for the traffic signals controller

2" Step: Customize the devices C++ code

The executable produces C++ files, source and headers, which are composed by:
1. declarations of the I/O classes;

2. link instructions between devices and inference kernel;

3. empty methods which have to be edited for customizing the devices interface;

Each kind of device has a empty method that has to be filled to make the controller, based on logic inference, to

perform I/O communication with the real system:

»  for an Input device the method i 0_val eval () perform the evaluations needed to signal a true, false or none
event to the controller;

* an Output device, drives the system through avoi d acti on(bool val) method;

» ifa Thread is used to create a system thread which is totally under controller directives, the bool t oRun()
procedure performs the operations when this is running.

The automatic generation of code creates a different class for each I/O element of traffic system, but is possible to group

I/O element that perform the same action, but on a different component of the system.

In this case, three categories of 1/O have been created:

*  LightOutput,

*  Reqlnput,

e PanelThread.

This feature of the IDE avoid code duplication, by using middle-level classes, which are created to interface between

Input, Output or TINThreadWithSemaphores (basic class for I/O elements) and final class like Input_disable-request,

Output_green_signal 1, Thread info_1, which are responsible of singular characteristics of the single I/O elements.

In this situation just one method for each kind of 1/O class is specified. The category classes provides to contain the

references to the element which they operates on, as example a LightOutput contains two Light class pointer that links

the device with two “real” lights of the traffic system.

3" Step: Integrate devices into application C++ code

The devices are instantiated by the automatic configuration code, but before running the logic-based controller it is
needed to make them get the right entry point into the real system. Such “glue” code is a delicate part of the project,
should be short and easily understandable. For example the object Output green signal 1 green signal 1 has to set his
Light class pointers to the two Light instances (the “green” ones) owned by the traffic lights on road 1 (two opposite
verses). Therefore two class derived from PanelThread, like Thread info 2 info 2 and Thread commerce 2
commerce_2, refer to the same two panels on road 2.

Development Sources Overview
All the resources needed to built this real-time system are presented in Source 3, Source 4, Source 5, Source 6.

traffic_con.bth

The I/O list is the starting point of this development process and it is presented in Source 3. This list is the warranty of
consistence in the project, it ensures what is specified in the left side of the flow diagram shown in Figure 4 does found



the respective element on the other side; as example the the disable request input presented in the specification
(traffic.btl)mustcorresponds to an input device instantiated and automaticly linked by the C++ code generated
intraffic_con.cpp.

Additional information are provided in the declarative source of the I/O items, such as the inference network file
(traffic.tin),which is loaded at run-time from the controller and it has been created by the tilcox2tin compiler
directly form the specification file. This compiler must not process this information, which are useful for the code
generating step; in fact they are written inside pre-processor structure: in this way these lines are skipped by the
tilcox2tin compiler and considered by the tinconf code generator.

I/O Devices C++ Code

(after automatic generated code editing)

Reqlnput

Input_emergency

Pre-Compiled
Controller Library

Application Code

ButtonReq

Disable |

Input_emergency

Input_disable
_request

()

Light

{

Ouput_red
_signal_2

TINThread (2)
With TextPanel
Semaphores

lcrushes . |

Thread
_commerce_2

Figure 5: Class Diagram for the devices customization (with module separation)



traffic_con_custom .h/.cpp

In Source 4 and Source 5 some C++ code is presented; Some classes, which model I/O items, are defined and
implemented.

This code is the result of automatic generation of the classes and editig for customization; for this applications has been
edited both interface and implementation. Some methods, needed to link the instance to the application, have been
defined in the interface of each class, like void linkLightI (Light *link) for LightOutput class. Anyway the
implementation is responsible of the real “customization”of each I/O item: the void action(bool val) method for the
LightOutput class rules which operations follow a true or false value of specification literal like green signal I or
yellow_signal 2.1t is intuitive that in boo! toRun() method of PanelThread class are the instruction executed after the
beahvior determines a thread start.

traffic_sim.cpp

The last interesting code section is presented in Source 6, which is part of the final application. In this source the I/O
items are connected with the request, light or panel instances of the application to actively change the state of the traffic
signals. An object diagram is drawn in Figure 6 to explain how this link allows a direct control of the traffic by
evaluating events in the inference engine.

This IDE do not allow to manipulate class instances which are automatically generated as global without previously
declaring as external in the source file, this declaration get away from accidental erroneous manipulation.

i nput di sabl e_request;

i nput enmer gency_request _1,
ener gency_request _2;

out put green_signal _1,
yel | ow_si gnal _1,
red_signal 1;

out put green_signal _2,
yel | ow_si gnal _2,
red_si gnal _2;

t hr ead info_ 1,
i nfo_2;
t hr ead commerce_1,

comer ce_2;
#ifndef _ 1LOAC
| ogi c traffic(50);

#endi f

Source 2: t raf fi c_con. bt h (list of I/O items)

Executable creation in a common development system

In the IDE it is possible to build the executable file and his resource at the same time. Using simple pre-build step it is
possible to compile the specification file (if it is changed) to obtain a TIN file and an initialization file; the first file
describe the inference net and it is loaded from the controller at run-time together with the other event list that is
processed by the controller before the system starts.

In the same manner a declaration change is recognized by the IDE; it generates again the C++ sources, but only the files
that are not editable to protect those important modifications.

In the build step the source file are compiled and linked whit the kernel library to create an executable that perform a
real-time system where all the time constant and event relations are formally specified.
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/] Custom out put class to control 2 light (of the same color)
class LightQutput : public Qutput
{
private:
Li ght *light1;
Li ght *light 2;
publi c:
Li ght Qut put (const char *nane) : Qutput(name) { |ightl=light2=NULL;}
voi d action(bool val);
voi d linkLight1l(Light *link) { lightl=link; }
voi d linkLight2(Light *link) { light2=link; }

b
class Qutput_green_signal 1 : public LightCutput
{
publi c:
Qut put _green_signal _1() : LightQutput("green_signal _1") {}
b

class Qutput_yellow signal _1 : public LightQutput

publi c:
Qut put _yel l ow_signal _1() : LightQutput("yellow signal_1") {}
H

... <missing part > ...

/[l Customthread class to control 2 traffic pane
cl ass Panel Thread : public TINThreadWt hSermaphores
{
private:
Traf fi cPanel *panel 1;
Traf fi cPanel *panel 2;
char scrolltext[100];
char scroll ed[200];

bool toRun();

publi c:
Panel Thr ead(const char *nane)

TI NThr eadW t hSemaphor es( nanme, MAX_SEMS, SAMPLE_TI ME) {}
voi d |inkPanel 1(TrafficPanel *link) { panel 1=link; }
voi d |inkPanel 2(TrafficPanel *link) { panel2=link; }
voi d set Scrol | Text (const char *text);

3
class Thread_info_1 : public Panel Thread
{
publi c:
Thread_info_1() : Panel Thread("info_1")
{ setScroll Text("traffic info, jam crushes... "); }
}
class Thread _commerce_1 : public Panel Thread
{
publi c:
Thread_conmerce_1() : Panel Thread("comrerce_1")
{ setScroll Text ("comercial spot, buy that, buy everything... ");
3

}

Source 3:traffic_con_cust om h (I/O items interface)
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i o_val Reqlnput::eval ()

{
if('req)
return(l O NONE);
if(reg->getState())
return(l O TRUE);
return(l O_FALSE);
}

[l Action of a custom Quput device created to control a light
voi d Li ghtQutput::action(bool val)
{
lightl->sw tchLight(val);
I i ght2->sw tchLight(val);
}

// Runni ng code of a custom Thread created to scroll a text on a panel
bool Panel Thread: :toRun()

{
int lenght, cursor;
strcpy(scrolled, scrolltext);
strcat(scrolled,scrolltext);
| enght =strlen(scrolltext);
cur sor =0;
whi l e(true)
panel 1- >set Text (scrol | ed+cursor);
panel 2- >set Text (scrol | ed+cursor);
cursor =(cursor +1) % enght ;
sl eep(200);
}
return(true);
}

Source 4:traffic_con_custom cpp (I/O items implementation)

TIN

inference
engine

¢

Input_ Ouput_

disable_request TrafficLight green_signal_1 TrafficLight

ﬁ green ﬂ green
Light  [¢ > Light

ButtonReq yellow yellow
Light Light

red red

Event Flow ) Light Light

Figure 6: Object diagram of inference-system links
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/1 Getting global |0 device declared
/1 in the automatic generated code by TI NCONF

[/ GETTI NG | NPUT

extern | nput_disabl e_request disable_request;

extern | nput_energency_request_1 emergency_request _1;
extern | nput_energency_request_2 energency_request_2;

/1 GETTI NG QUTPUT

extern Qutput_green_signal 1 green_signal _1;
extern Qutput_green_signal 2 green_signal _2;
extern Qutput_yellow signal _1 yellow signal _1;

... <missing part > ...

/1 GETTI NG THREAD

extern Thread info 1 info_1;

extern Thread_info_2 info_2;

extern Thread conmerce_1 comrerce_1;
extern Thread_comerce_2 conmmerce_2;

... <missing part > ...

BOOL I nitlnstance(H NSTANCE hl nstance, int nCndShow)
{

... <missing part > ...

/l1Calling config() function
//...this provides to link all the 1O instances to the |ogic kernel
config();

/1Linking the real environnent to the I/Oitens

/1 1 NPUT LI NKI NG

di sabl e_request .| inkReq(&di sabl eReq) ;
energency_request _1.1inkReq(&energencylReq);
energency_request 2.1 i nkReq(&energency2Req);

/1 QUTPUT LI NKI NG
green_signal _1.1inkLi ght 1( RoadlF. i nkG een());
green_signal _1.1inkLi ght 2( Road1B. i nkG een());

green_signal _2.1inkLi ght 1( Road2F. | i nkGreen());
green_signal _2.1inkLi ght 2( Road2B. i nkGreen());

yel I ow_signal _1.1inkLi ght 1( RoadlF. |inkYello
yel |l ow signal _1.1inkLi ght2(Roadl1B.linkYell o

2R

));
));
... <missing part > ...

/1 THREAD LI NKI NG
i nfo_1. i nkPanel 1( &Panel 1F);
info_1.1inkPanel 2( &Panel 1B);

conmmer ce_1. i nkPanel 1( &Panel 1F);
conmer ce_1. | i nkPanel 2( &Panel 1B);

Source 5:traf fi c_si m cpp (application code)
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IDE for real-time system: Temporal logic and C++
A controller for crossroad signals: Traffic-Light Simulator

Summary

Introduction

Crossroad traffic environment

Specification of a traffic-light crossroad behavior

Informal description of a crossroad traffic light system

1* Step: Create a state sequence

2" Step: Interface state with boolean light signals

3" Step: Exceptional conditions

4™ Step: Thread panel control

Complete Specification

Some validations of the specified behavior

Properties Proof: State sequence

History checking: Response to input signals

Controller development

1 Step: List the I/O devices

2" Step: Customize the devices C++ code

3" Step: Integrate devices into application C++ code

Development Sources Overview

OOV OVW N EAE BDOWNNDNME = -

Executable creation in a common development system

Figure 1: Crossroad signals

[a—y
[y

Figure 2: States to output signals mapping

Figure 3: History checking snapshot (disable request satisfaction)

Figure 4: sources-to-executable development steps

Figure 5: Class Diagram for the devices customization (with module separation)
Figure 6: Object diagram of inference-system links

Specification 1: state order

~ o~
W D Co W~

Specification 2: state time constants

Specification 3: car flow to traffic light configuration

Specification 4: traffic light configuration to light boolean signal

Specification 5: emergency request satisfaction

Specification 6: thread activation and deactivation

Specification 7: state sequence property proof

LA W NN

Source I:traffic.btl —part ]

Source 2: traf fic_con. bt h (list of I/O items)

Source 3:traf fi c_con_cust om h (I/O items interface)

Source 4:traffic_con_custom cpp (7/0 items implementation)

Source 5:traf fi c_simcpp (application code)
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