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Abstract 

TIOA is a simple formal language for modeling distributed systems with (or without) timing constraints as collections of interacting state machines, called timed input/output automata.  The TIOA Toolkit supports a range of validation methods, including simulation and machine-checked proofs.  This user guide and reference manual includes a tutorial on the use of timed input/output automata and the TIOA language to model timed systems.  It also includes a complete definition of the TIOA language.  
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1. Preface 

Systems with timing constraints are employed in a wide range of domains including communications, embedded systems, real-time operating systems, and automated control.  Many applications involving timed systems have strong safety, reliability, and predictability requirements, which make it important to have methods for the systematic design of these applications and for a rigorous analysis of their timing-dependent behavior. 

The correctness and performance of timed systems often depends on the timing of events, not just on the order in which they occur.  A typical timed system consists of computer components, which operate in discrete steps, and timing-related components such as clocks or physical processes, whose behaviors involve continuous transformation over time. 

Timed input/output automata [3], [5]

 REF KLSV03b  provide a mathematical framework that supports the description and analysis of timed systems.  The TIOA language provides notations for describing timed automata precisely.  The TIOA language is a variant of the IOA language [2], which was designed for use with basic (untimed) input/output automata.  Like IOA, TIOA is supported by a variety of analytic tools, ranging from lightweight tools, which check the syntax and static semantics of automaton descriptions, to medium-weight tools, which simulate the action of an automaton, and to heavyweight tools, which provide support for proving properties of automata. 

This document is based on material in various descriptions of IOA [2] and TIOA [5].  It is organized into two parts, a TIOA User Guide and a TIOA Reference Manual.  The User Guide begins with an informal tutorial on timed automata and the TIOA language.  This tutorial consists largely of illustrative examples.  Reading it should be sufficient for the reader to begin writing complete TIOA descriptions.  The remainder of the User Guide provides more details about the constructs used in the examples.  The subsequent Reference Manual presents the formal syntax and semantics of the TIOA language.

2. Introduction to timed input/output automata XE "timed automata" 
Timed input/ouput (I/O) automata are nondeterministic state machines that form the basis of a mathematical model suited for describing the behavior of concurrent systems with (or without) timing constraints.  When a timed I/O automaton has no timing constraints, we often refer to it as an untimed I/O automaton.  Timed (and untimed) I/O automata provide precise representations for both systems and their components, and they enable us to view systems and to reason about them at varying levels of abstraction.  They interact through discrete actions, which affect their internal state; in the case of timed I/O automata, this state can also evolve continuously in the time between discrete actions.


Figure 2.1.  A communication channel modeled as in input/output automaton

Figure 2.1 illustrates a simple communication channel that can be modeled as an I/O automaton.  Arrows in the figure represent discrete actions XE "actions"  through which the channel automaton can interact with other automata or with its environment.  The incoming arrow represents an input action XE "input actions" , send(m), by means of which another automaton can inject a message m into the channel.  The outgoing arrow represents an output action XE "output actions" , receive(m), by means of which the channel can deliver a message m to one or more other automata.  The behavior of the automaton is determined completely by the sequences (called traces) of input and output actions that can result from its executions.

The channel automaton, like all I/O automata, has complete control over when its output actions occur.  On the other hand, like all I/O automata, it has no control over when its input actions occur.  In other words, an automaton supplying input to the channel controls which messages it sends and when, but the channel controls which messages it delivers and when.  

Figure 2.1 by itself provides no information about how (or even whether) the channel’s output actions are related to its input actions.  To supply this missing information, we provide a model for the internal state of the automaton, and we describe the transitions of the state caused by the occurrence of discrete actions, as well as the trajectories the state follows as it evolves in the time between actions.  

It is natural to represent the state of a channel automaton as a collection of messages in transit, with input actions adding messages to the collection and ouput actions removing them.  The details of the chosen representation determine the characteristics of the channel, e.g., whether it can lose, duplicate, forge, or reorder messages.  One choice is to represent the state as an initially empty FIFO queue of messages, with input actions adding messages to the tail of the queue and output actions removing them from the head.  This choice leads to a description (in the next section) of a reliable, in-order communication channel as an untimed automaton.  Another choice is to tag messages in the FIFO queue with a “time-to-live.”  This choice leads to two descriptions (also in the next section) of time-bounded communication channels, one of which guarantees delivery of a message within its time-to-live and the other of which discards the message when its time-to-live expires.
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Figure 2.2.  An alarm clock modeled as a timed automaton

Figure 2.2 illustrates the description of a concurrent system as a composition of timed automaton: AlarmClock XE "AlarmClock"  is a timed automaton with two timed automata, Clock XE "Clock"  and Alarm XE "Alarm" , as components.  As before, outgoing arrows represent output actions XE "output actions"  that are under the originating automaton's control.  Figure 2.2 depicts two output actions: showTime, which represents a change in the time being displayed, and ring, which represents the alarm going off.  Incoming arrows represent input actions XE "input actions" , which are not under the receiving automaton's control.  The input actions setTime, setAlarm, and toggleAlarm represent actions that originate in the environment and can occur at any time.  The action showTime is an input action of Alarm that originates as an output action of Clock.  In the I/O automaton model, paired output and input actions such as these occur simultaneously and indivisibly.

The state XE "state"  of an automaton is determined by the values of its state variables XE "state variables" , which are visible only from within the automaton.  State variables internal to the Clock automaton control when the display will change and what time it will show, and state variables local to the Alarm automaton control when the alarm will ring (see Figure 3.3 and Figure 3.4).  Because the state of each automaton is not directly visible to the other automaton or to the environment, the Clock automaton can communicate the current time to the Alarm automaton and to the environment only through the occurrence of a showTime action.

Actions occur, and the state of a timed automaton changes, instantaneously by discrete XE "transitions:discrete"  transitions XE "transitions" .  The state can also change over an interval of time by following a trajectory XE "trajectory" , which is a function of time that describes the evolution of the state between discrete transitions.  Each state variable has both a static type XE "static type" , which defines the set of values it may assume, and a dynamic type XE "dynamic type" , which defines the kinds of trajectories it may follow.

3. Introduction to TIOA

We use the TIOA language to supply the details concerning the state, transitions, and timing of the Channel and AlarmClock automata introduced in Section 2.  Figure 3.1 describes Channel as a reliable, untimed FIFO communication channel.  As shown in Figure 2.1, Channel has one input action and one output action.  The TIOA description in Figure 3.1 provides more information about these actions: by reference to the String data type, it specifies that messages are strings of characters.  As described in Section 7, TIOA provides notations for common data types such as String and for type constructors such as Seq, which we use to represent the state variable inTransit as an initially empty sequence of strings.  

automaton Channel

  signature 

    input   send(m: String)

    output receive(m: String)

  states inTransit: Seq[String] := Ø
  transitions 

    input send(m)

      eff  inTransit := inTransit ⊢ m

    output receive(m)

      pre inTransit ( Ø /\ m = head(inTransit)

      eff  inTransit := tail(inTransit)

Figure 3.1.  TIOA description of an untimed FIFO communication channel

TIOA also provides notations (such as Ø, ⊢, head, and tail) for use with its data types.  These notations let us specify (in precondition/effect style) that the effect of the action send(m) is to append m to the sequence of messages in transit, that the action receive(m) can occur when m is the first of a nonempty sequence of messages in transit, and that its effect is to remove m from the sequence. 

Figure 3.2 describes a variant, TimedChannel, of Channel.  This automaton contains a timing constraint that guarantees each message is delivered within time ttl of when it was sent.  The first line of Figure 3.2 introduces ttl as a parameter of TimedChannel and requires it to be nonnegative.  TimedChannel has the same actions as Channel, but it has two additional state variables: now represents elapsed real time, and deadline is a sequence of deadlines for delivery of messages in inTransit.  The state variables inTransit and deadline are discrete variables XE "discrete variables"  whose values can change only by the occurrence of a discrete transition.  The state variable now, because it has static type Real, is an analog variable XE "analog variable"  whose value can change continuously over time.  

The effects of the actions in TimedChannel extend those in Channel by setting a deadline (of now plus the time-to-live) for the delivery of each message they add to inTransit and removing a message’s deadline when they remove the message from inTransit.  Finally, TimedChannel uses the TimePassage trajectory to govern the evolution of the value of now and its effect on the operation of the automaton.  The evolve clause XE "evolve clause"  in this trajectory definition constrains the first derivative of now to have the constant value 1, which means that now is a function now(t) = t + C for some constant C; thus, now represents the real time that has elapsed since the automaton started.  The stop when clause XE "stop when clause"  in the trajectory definition forces time to stop when the value of now equals the deadline for the first message in the inTransit queue.  Time cannot advance again until a receive action, which is enabled when the stopping condition is true, causes the stopping condition to become false.

automaton TimedChannel(ttl: Real) where ttl ( 0

  signature 

    input   send(m: String)

    output receive(m: String)

  states inTransit: Seq[String] := Ø,

              deadline: Seq[DiscreteReal] := Ø,

              now: Real := 0
  transitions 

    input send(m)

      eff  inTransit := inTransit ⊢ m;

             deadline := deadline ⊢ (now + ttl);
    output receive(m)

      pre inTransit ( Ø /\ m = head(inTransit)

      eff  inTransit := tail(inTransit);

            deadline := tail(deadline)

   trajectories

    trajdef timePassage

      stop when deadline ( Ø /\ now = head(deadline)
      evolve d(now) = 1
Figure 3.2.  TIOA description of a timed FIFO communication channel

A simple modification of the definition of TimedChannel describes an unreliable timed channel named LossyChannel, which has an additional internal action discard.  An automaton’s internal actions, unlike its external input and output actions are invisible to other automata and to the environment.  Hence, if we specify that the transitions of discard have the same preconditions and effects as receive, then messages can simply disappear from inTransit without any evidence.

internal discard
      pre inTransit ( Ø /\ m = head(inTransit)

      eff  inTransit := tail(inTransit);

            deadline := tail(deadline)

Furthermore, if we add “head(deadline) < now” as another precondition for transitions of the receive action, we can force LossyChannel to discard (rather than deliver) the first message in inTransit when its deadline runs out.

Just as Figure 2.1 does not distinguish between these three variants of a communication channel, Figure 2.2 does not describe the operation of the AlarmClock automaton.  Hence, we use the TIOA language once again to supply this missing information.  Figure 3.3 contains a TIOA description of the Alarm XE "Alarm"  automaton.  As shown in Figure 2.2, this automaton has three input actions and one output action.  Here, however, we learn that two of the input actions are each parameterized by two elements of the set Nat of natural numbers, which are intended to express the time of day in hours and minutes on a 24-hour clock.  The let statement XE "let statement"  that appears before the automaton definition defines a predicate, legalTime, used to constrain the values of these action parameters.

The automaton Alarm has three state variables: alarmTime, which has static type Nat, represents the time of day at which the alarm is set to ring (expressed in minutes past midnight), turnedOn, which has static type Bool (the set {true, false} of boolean XE "boolean"  values), represents whether the alarm is turned on or off, and ringing, also of static type Bool, represents whether the alarm should be ringing.  The automaton has a single initial state in which these variables have the values 0, false, and false.  The values of these variables can change only by the occurrence of a discrete transition. 

Figure 3.3.  TIOA description of Alarm component 

Transitions for the input actions XE "input actions"  of Alarm have no preconditions, which is equivalent to having true as their precondition.  This is the case for all input actions; that is, every input action in every automaton is enabled XE "enabled"  in every state.  The effect of setAlarm is to set alarmTime to the time at which the alarm should ring (if it is on).  The effect of toggleAlarm is to switch between the alarm being on and off (( is the logical not operator XE "not operator" , which can be entered by typing the symbol ~).  The effect of showTime is to set ringNow to true if the alarm should ring; this happens when the alarm is turned on and the automaton learns, through this input action, that the time shown on the clock is the time at which the alarm should ring.  Finally, the output action ring can occur only when it is enabled, that is, only in states in which ringNow is true.  Its effect is to set ringNow to false, which prevents the action from occurring again until another appropriate showTime action enables it once again. 

As for the Alarm automaton, we discover information about the parameters for the Clock XE "Clock"  automaton's actions in the TIOA description in 
Figure 3.4
.  This automaton also has three state variables: whatToShow represents the time that will be displayed by the next showTime action, whenToShow represents when the next showTime action will occur (expressed in minutes beyond the time at which the clock was started), and now (a real number) represents the current time (also expressed in minutes beyond the time at which the clock was started).  

The definition of the timePassage trajectory of the Clock automaton governs the evolution of the value of the analog variable now and its effect on the operation of the automaton.  As in the definition of the TimedChannel automaton, the evolve clause XE "evolve clause"  here constrains now to be increase at the same rate as real time.  The stop when clause XE "stop when clause"  forces time to stop when the value of now equals whenToShow (the floor function XE "floor function"  truncates the real value of now to an integer).  Time cannot advance again until some action, which is enabled when the stopping condition is true, causes the stopping condition to become false. 

The effect of the setTime transition in the automaton Clock is similar to that of the setAlarm transition in the automaton Alarm.  This action sets whatToShow to the time that should be displayed on the clock.  In addition, it sets whenToShow so that the stopping condition of the timePassage trajectory becomes true, which prevents time from advancing until a showTime action occurs.  A showTime action is enabled if time has stopped and the values of its parameters correspond to the value of whatToShow.  The effect of such an action is to reset whenToShow to the next time the display needs to be updated (i.e., one minute from now) and to reset whatToShow to the time that will be shown then (with the displayed time wrapping back to 00:00 after it reaches 23:59). 

Figure 3.4.  TIOA description of Clock component
Finally, Figure 3.5 uses TIOA to define the alarm clock shown in Figure 2.2 as the composition XE "composition"  of the Alarm and Clock automata.  This definition matches each output action showTime of the Clock automaton with the input action of the same name and the same parameter values in the Alarm automaton.  Actions matched in this fashion are performed simultaneously and indivisibly. 

Figure 3.5.  TIOA description of an alarm clock

4. Specifying timed automata XE "timed automata" , in mathematics and in TIOA

Mathematically, a timed input/output (I/O) automaton A is a tuple with six elements

· an action signature XE "action signature"  Asig which is the union of disjoint sets Ain, Aout, and Aint of discrete input, output, and internal actions, 

· a set AV of state variables XE "state variables" , 

· a set AS of states XE "states" , which is a subset of the set of all possible valuations of AV, (a valuation XE "valuation"  is a function f that assigns to each variable v in AV a value f(v) in the static type of V),
· a set AS_0 of initial states XE "initial states" , which is a non-empty subset of AS, 

· a transition relation XE "transition relation"  Atran, which is a subset of AS ( Asig ( AS, and 

· a set Atraj of trajectories XE "trajectories"  for AV, which is a set of functions from intervals of time starting with 0 to AS.

An action of an automaton is called external if it is an input or output action. 

TIOA provides notations for defining timed I/O automata either as primitive automata XE "primitive automata"  by specifying their names, signatures, state variables, transition relations, and trajectories, or as composite automata XE "composite automata"  by specifying their decomposition into simpler timed automata.  The following subsections describe these notations and their relation to the mathematical model of timed I/O automata. 

4.1. Automaton names and parameters

The first line of an automaton description in TIOA consists of the keyword automaton XE "automaton"  followed by the name of the automaton.  The name may be followed by a list of formal parameters XE "formal parameters"  enclosed within parentheses.  For example, the IndexedChannel automaton XE "Channel automaton"  (Figure 4.1) has three parameters, i being the index of a process that uses the channel to convey messages of type M to another process with index j.  Whereas only one automaton can send messages through the Channel automaton shown Figure 3.1, many automata can send messages through different instances (i.e., instances with different values of i and j) of an IndexedChannel.
automaton IndexedChannel(i, j: Nat, M: type)

  signature 

    input   send(const i, const j, m: M)

    output receive(const i, const j, m: M)

  states buffer: Seq[M] := Ø
  transitions 

    input send(i, j, m)

      eff  buffer := buffer ⊢ m

    output receive(i, j, m)

      pre buffer ( Ø /\ m = head(buffer)

      eff  buffer := tail(buffer)

Figure 4.1.  TIOA description of an indexed communication channel

There are two kinds of automaton parameters.  An individual parameter XE "individual parameter" , such as i: Nat or j: Nat, consists of an identifier and an associated type, and it denotes a fixed element of that type.  Individual parameters with the same type can be specified together, as in i, j: Nat.  A type parameter XE "type parameter" , such as M: type, consists of an identifier followed by the keyword type, and it denotes a type. 

An automaton with individual parameters can contain a clause that constrains the values of those parameters.  For example, an automaton whose definition begins with

automaton Swap(A, B: Set[Int]) where XE "where"  A ( B
is parameterized by two sets of integers, the first of must be a proper subset of the second. 

4.2. Action signatures XE "Action signatures" 
The signature for an automaton is declared using the keyword signature XE "signature"  followed by lists of entries describing the automaton's input, internal, and output actions.  Each entry contains a name and an optional list of parameters enclosed in parentheses.  There are two kinds of action parameters.  Varying parameters (such as hour, minute: Nat in 
Figure 3.4
) consist of identifiers with associated types, and they denote arbitrary elements of those types.  A fixed parameter (such as const XE "const"  i or const j in Figure 4.1) consists of the keyword const followed by term denoting fixed element of its type.  Neither kind of parameter can have type XE "type"  as its type.   

Each entry in the signature denotes a set of actions, one for each assignment of values to its varying parameters.  Thus, IndexedChannel has one input action send(i, j, m) for each value of its parameter m; the values of i and j in these actions are fixed by their values as parameters of the automaton. 

It is possible to constrain the values of the varying parameters for an entry in the signature using the keyword where XE "where"  followed by a predicate.  For example, the where clauses in Figure 3.4 constrain the values of the parameters hour and minute.  Thus, the set of output actions for the Clock automaton contains one action showTime(hour, minute) for each pair of values of its parameters that satisfy the predicate legalTime(hour, minute). 

4.3. State variables XE "State variables"  

As in the examples, state variables are declared in TIOA using the keyword states XE "keyword states"  followed by a comma-separated list of state variables and their static types XE "static types" .  The initial values of state variables can be constrained using the assignment operator  XE "assignment operator" :=.  For example, the initial value of the state variable buffer in the IndexedChannel automaton (Figure 4.1) must be the empty set; hence, there is a single initial state for this automaton.   

Initial values XE "Initial values"  of state variables need not be constrained in this fashion.  For example, if the assignment := 0 were omitted from the declaration of the state variable whatToShow in the Clock automaton (Figure 3.4), then that automaton would have an infinite number of initial states, one for each natural number n.  If n is less than 24*60, the clock will display that time when power is turned on.  Otherwise, the clock will display nothing until either a setTime action occurs or at least an entire day of real time elapses. 

To rule out this latter aberrant behavior, the initial value of whatToShow can be constrained to be some arbitrary, but legal time of day by means of a declaration such as 

whatToShow: Nat := choose XE "choose"  n where XE "where"  n < (24*60) 

When such a nondeterministic choose clause is used to initialize a state variable, there must be some value of the variable that satisfies the predicate following the where clause.  If the predicate is true for all values of the variable, then the effect is the same as if no initial value had been specified for the state variable. 

It is also possible to constrain the initial values of all state variables taken together, whether or not initial values are assigned to any individual state variable.  This can be done using the keyword initially XE "keyword initially"  followed by a predicate (involving state variables and automaton parameters).  For example, we can allow the Clock automaton to display an arbitrary time of day when its power is turned on by constraining the three state variables of the Clock automaton to have the same unspecified value:

states 

    whatToShow: Nat, whenToShow: Nat, now: Real

    initially whatToShow = whenToShow /\ whatToShow = floor(now)

The order in which state variables are declared makes no difference: they are initialized simultaneously.  Furthermore, the expressions denoting their initial values cannot refer to the values of any state variables. 

4.4. Transition relations XE "Transition relations" 
Transitions for the actions in an automaton's signature are defined following the keyword transitions XE "keyword transitions" .  A transition definition consists of an action type XE "action type"  (i.e., input XE "input" , internal XE "internal" , or output XE "output" ), an action name with optional parameters (see Section 4.5), an optional where XE "where"  clause, an optional precondition (see Section 4.6), and an optional effect (see Section 4.7).  This definition groups transitions that involve a particular type of action together into a single piece of code.  

More than one transition definition can be given for an entry in an automaton's signature.  For example, we could define the transitions of the showTime action in the Clock automaton in two parts, one

    output showTime(h, m) where h = 23 ( m < 59
      pre whenToShow = floor(now);

            div(whatToShow, 60) = h;

            mod(whatToShow, 60) = m

      eff whenToShow := floor(now) + 1;

           whatToShow := whatToShow + 1

describing what happens before midnight and the other

output showTime(23, 59)

      pre whenToShow = floor(now) /\ div(whatToShow, 60) = 23 /\ mod(whatToShow, 60) = 50

      eff whenToShow := floor(now) + 1;

           whatToShow := 0

how the time of day is reset to 00:00 at midnight.

4.5. Transition parameters 

The parameters that follow an action name in a transition definition must match those that follow the action name in the automaton's signature, both in number and in type.  The simplest way to formulate parameters for a transition definition is to erase the keyword const and the type modifiers from the parameters given for the action in the automaton’s signature; thus, in Figure 4.1, the parameters of the send action are given as (const i, const j, m: M) in the signature, but are shortened to (i, j, m) in the transition definition.

Action parameters and transition parameters differ in several respects.  Parameters in the action signature can be terms (identified by the keyword const) that denote fixed values or they can be (declarations for) variables.  If they are variables, their types matter, but their names do not.  On the other hand, all parameters in transition definitions are terms, and the keyword const does not appear.  Parameters in transition definitions can denote either fixed or varying values.  If they contain no variables other than automaton parameter, then they denote fixed values.  For example, the parameters in showTime(23, 59) denote fixed values.  If they contain other variables (such as h and m), these variables can have arbitrary values.  

Transition definition can contain additional local parameters, which are specified after the ordinary parameters and identified by the keyword local.  Local variables serve two purposes.  They can be constrained by a transition’s precondition and used in the effects, as in

automaton PitchTwo(s: Set[Nat])

  signature output pitch(n: Nat)

  states left: Set[Nat] := s

  transitions output pitch(n; local x: Nat) 

      pre n ( left /\ x ( left /\ n < x

      eff  left := delete(n, delete(x, left))

which defines an automaton that discards two numbers at a time from a set, but communicates only the smaller of the two when a transition occurs.  When the effects clause in a transition definition does not assign any values to a local variable, as is the case here, the definition can be rewritten using explicit quantification instead of local variables, as in 

  transitions output pitch(n) 

      pre n ( left /\ ( x: Nat (x ( left /\ n < x)

      eff  left := choose s’ where ( x: Nat (x ( left /\ n < x /\ s’ = delete(n, delete(x, left)))
In general, to eliminate local variables to which no values are assigned, one quantifies them explicitly in the precondition for the transition, and then repeats the quantified precondition as part of the effects clause.

Local parameters can also be used as temporary variables in the effects clause, as in the following definition of an automaton that sorts an array into ascending order by swapping pairs of incorrectly ordered elements.

automaton Arrange

  signature output swap(i, j: Nat)

  states A: Array[Nat, Nat]

  transitions output swap(i, j; local temp: Nat)

    pre A[i] < A[j]

    eff  temp := A[i]; A[i] := A[j]; A[j] := temp

4.6. Preconditions

The precondition XE "precondition"  in a transition definition is a predicate XE "predicate"  (that is, a boolean-valued expression) on the state indicating the conditions under which the transition can occur.  In TIOA, preconditions can be defined for transitions of output or internal actions using the keyword pre followed by one or more predicates.  If no precondition is present, it is assumed true.  If a precondition contains more than one predicate, it is equivalent to the conjunction of those predicates.

An action ( is said to be enabled in a state s if there is a state s’ such that the triple (s, (, s’) is the transition relation of the automaton.  In TIOA, an action ( is enabled in a state s if there are values for the local variables in one of the transition definitions for ( that satisfy the transition’s where clause and, together with the values of the state variables in state s, also satisfy the transition’s precondition.

Since transitions of input actions cannot have preconditions, input actions are enabled in every state; i.e., automata are not able to ``block'' input actions from occurring.   

4.7. Effects

The effects clause in a transition definition XE "effect"  describes the changes that occur as a result of the action, either in the form of a simple program or in the form of a predicate relating the pre-state XE "pre-state"  and the post-state XE "post-state"  (i.e., the states before and after the action occurs).  However a transition is defined, it always happens instantaneously and indivisibly.

In TIOA, the effect of a transition is defined following the keyword eff, generally in terms of a (possibly nondeterministic) program that assigns new values to state variables.  If a transition definition has no effects clause, then that transition leaves the state unchanged.  The amount of nondeterminism in a transition can also be limited by a predicate relating the values of state variables in the post-state to each other and to their values in the pre-state. 

4.7.1. Using programs to specify effects

A program is a list of statements, separated by semicolons.  Statements in a program are executed sequentially.  There are three kinds of statements: 

· assignment statements, 

· conditional statements, and 

· for statements.

4.7.2. Assignment statements

An assignment statement changes the value of a state or local variable.  The statement consists of a state or local variable followed by the assignment operator := and an expression.  When a state variable is an array (see Section 7.2.1) or a tuple (see Section 7.4.2), then terms denoting its elements or its fields can also appear on the left hand side (lhs XE "lhs" ) of the assignment operator, as in the automaton Arrange (see page 14).
The expression following the assignment operator must have the same type as the variable on the lhs of the assignment operator.  TIOA considers the value of the expression to be defined mathematically, rather than computationally.  This value is determined in the state in which the assignment statement is executed, and it becomes the value of the variable on the lhs in the subsequent state.  Execution of an assignment statement does not have side effects; i.e., it does not change the value of any state or local variable other than the one on the left side of the assignment operator. 

As illustrated in the discussion of the automaton PitchTwo (see page 13), the expression on the right side of an assignment statement can consist of a nondeterministic choose clause.  The value of such a clause is constrained by a predicate following the keyword where.  If the choose clause does not contain the keyword where (as in the statement x := choose), then it is treated as if it contained where true, and it produces an arbitrary new value.

4.7.3. Conditional statements

A conditional statement selects one of several program segments to execute in a larger program.  Each conditional statement starts with the keyword if followed by a predicate and a then clause.  The then clause contains a program segment that is executed if the condition is true.  Each conditional statement ends with the keyword fi.  As illustrated by

if x < y then x := x + y fi;

if x < y then x := x + y else y := x + y; x := x + y fi;

if x < y then x := x + y elseif y < x then y := x + y fi;

if x < y then x := x + y elseif y < x then y := x + y else y := x fi;

if x < y then x := x + y elseif y < x then y := x + y elseif x + y < z then y := x fi;

a conditional statement can contain any number of elseif clauses (each of which contains a predicate and a then clause) and/or a final else clause, which also contains a program segment that.  The effect of executing a conditional statement is that of executing the program segment in the first then clause, if any, for which the preceding predicate is true and otherwise that of executing the program segment in the else clause, if one exists.

4.7.4. For statements

A for statement executes a program segment once for each value of a variable that satisfies a given condition.  It starts with the keyword for followed by a variable, a clause describing a set of values for this variable, a do clause that contains a program segment, and the keyword od. 

Figure 4.2 illustrates the use of a for statement in a high-level description of a multicast protocol that has no timing constraints.  The figure begins with the definition of a vocabulary (i.e., a set of symbols) that can be used to describe packets sent by the protocol.  Elements of the Packet data type (see Section 7.4.2) are triples [contents, source, dest], in which the contents field represents a message, the source field the Node sending the message, and the dest field the set of Nodes to which the message should be delivered.  The state of the multicast algorithm consists of a multiset network, which represents the packets currently in transit, and an array queue, which represents, for each Node, the sequence of packets delivered to that Node, but not yet read by the Node. 

The mcast action inserts a new packet in the network; the tuple data type provides the notation [m, i, I] and the multiset data type provides the insert operator by (see Section 4.3).  The deliver action, which is described using a for statement, distributes a packet to all nodes in its destination set (by appending the packet to the queue for each destination node and then deleting the packet from the network).  The read action receives the contents of a packet at a particular Node by removing that packet from its queue of delivered packets. 

There are two ways to describe the set of values for the control variable in a for statement.  The first (shown in Figure 4.2) consists of the keyword in followed by an expression denoting a set or multiset of values of the appropriate type, in which case the program segment in the do clause is executed once for each value in the set or multiset.  The second consists of the keyword where followed by a predicate, in which case the program is executed once for each value satisfying the predicate.  These executions of the program occur in an arbitrary order, and TIOA requires that the effect of a for statement be independent of the order in which executions of its program occur. 

Figure 4.2.  TIOA description of a multicast protocol

4.7.5. Using predicates to constrain effects

The results of a program in the effects clause can be constrained by a predicate relating the values of state variables after a transition has occurred to the values of state variables before the transition began.  For example, the transition definition for the swap action in the Arrange automaton (see page 14) can be rewritten using assignment statements to indicate that the array A may be modified only for certain indices (i and j) and using an ensuring clause to constrain the modifications.  A primed state variable in this clause (i.e., A’) indicates the value of the variable in the post-state; an unprimed state variable (i.e., A) indicates its value in the pre-state.  As shown below, this notation allows us to eliminate the local variable temp needed previously for swapping. 
There are important differences between where clauses attached to nondeterministic choose operators and ensuring clauses.  A where clause restricts the value chosen by a choose operator in a single assignment statement, and variables appearing in the where clause denote values in the state before the assignment statement is executed.  An ensuring clause can be attached only to an entire eff clause; unprimed variables appearing in an ensuring clause denote values in the state before the transition represented by the entire eff clause occurs, and primed variables denote values in the state after the transition has occurred. 
TIOA assumes that state variables do not change value during a transition unless they occur on the lhs in an assignment statement.  Therefore, nondeterministic choose statements such as the ones shown here give a transition defined with an ensuring clause license to change the values of the state variables mention in both the choose statements and the ensuring clause.

4.8. Trajectories

The values of elements in the state of an untimed I/O automaton change over time solely as the result of discrete transitions; the values of elements in the state of a timed I/O automaton can also change (as a result of external influences) in the time between discrete transitions.  A trajectory for an element x in the state of a timed (or an untimed) I/O automaton is a function τx that has an interval of time starting at 0 as its domain and that maps each time t in its domain to a value τx(t) in the static type of x.

 The dynamic type of an element x determines the kinds of trajectories x can follow.  If x has a discrete static type, then its dynamic type contains only piecewise constant trajectories; if x has an analog static type, then its dynamic type contains only piecewise continuous trajectories.  In TIOA, the static type Real is analog, and all other static primitive types (including the type DiscreteReal, which is otherwise indistinguishable from the type Real) are discrete.  Also, in TIOA, definitions for timed I/O automata are distinguished from those for untimed I/O automata by the presence of a trajectories clause.

In an untimed I/O automaton A, all trajectories are piecewise constant functions of time; that is, the value of each element in the state of A is constant between the occurrences of discrete transitions.  In a timed I/O automaton A’, trajectories for elements of the state with discrete types are piecewise constant, but trajectories for elements with analog types can also be piecewise continuous; that is, the value of an analog element in the state of A’ can also change in the time between discrete transitions, but only in a piecewise continuous fashion.

The trajectories clause in TIOA imposes restrictions on the functions that can appear as trajectories of elements in the state of an automaton.  (By default, definitions for untimed I/O automata, which do not have a trajectories clause, restrict all trajectories to be piecewise constant and to change value only at the times that discrete transitions occur.)  A trajectories clause defines one or more sets of trajectories using invariants, algebraic and differential equations, and “urgency'” conditions that specify when time must stop to allow a discrete action to occur.  As shown in Figure 3.2 and Figure 3.4, the definition of each of these sets consists of the keyword trajdef followed by a name, an optional invariant clause, an optional stop when condition, and a mandatory evolve clause.

A trajectory belongs to the set defined by a trajdef it satisfies the predicates in its invariant and stop when clauses, as well as the algebraic and differential equations in its evolve clause.  A stop when contains a single predicate that is satisfied by a trajectory if the only state in which the predicate is true is the state at the end of that trajectory.  In other words, time cannot advance once the stopping condition becomes true.   

 Multiple trajdef clauses can be used to define subsets of the set of all trajectories of an automaton.  For example, the automaton Thermostat in Figure 4.3 defines two sets of trajectories, one that describes how the temperature inside a room changes when a heater in the room is off and another that describes how the temperature changes when the heater is on.  The invariants in those definitions determine which set of trajectories is appropriate given the current state of the heater.  The trajectories in each set are defined by differential equations.  When the heater is off, the temperature cools as a function of time elapsed since it was turned off, with temp(t) = ambientTemp*(1-exp(-coolingRate*t), where ambientTemp is the temperature outside the room; thus, the higher the temperature is initially, the faster it cools towards the ambient temperature).  When the heater is on, the temperature rises linearly with elapsed time, with temp(t) = temp(0) + heatingRate*t.
automaton Thermostat(low, high, initialTemp, ambientTemp, coolingRate, heatingRate: Real)

    signature output turnOn, turnOff

    states

       temp: Real := initialTemp,

       isOn: Bool := initialTemp < high

    transitions

       output turnOn

          pre temp ( low /\ (isOn

          eff isOn := true

       output turnOff

          pre high ( temp /\ isOn

          eff isOn := false

    trajectories

       trajdef heaterOff

          invariant (isOn

          stop when temp ( low

          evolve d(temp) = coolingRate*(ambientTemp-temp)
       trajdef heaterOn

          invariant isOn

          stop when high ( temp
          evolve d(temp) = heatingRate

Figure 4.3.  TIOA description of a thermostat for controlling a heater
The automaton ClockSync in Figure 4.4 describes how a collection of processes, indexed by natural numbers, exchanges the values of their separate physical clocks.  The parameter u determines how often process i sends its value of physclock (its own physical clock), which may drift from real time with a rate bounded by r.  The variable maxother records the largest physical clock value received from the other processes in the system, and the variable nextsend records when process i should send its the value of its physical clock to the other processes.  The logical clock, logclock, is defined to be the maximum of maxother and physclock.  Formally, logclock is a derived variable whose value is defined as a function of the values of the state variables.   

The unique trajectory definition in this example shows that the variable physclock drifts continuously with a rate bounded by r.  Periodic sending of the value of physclock to other processes is enforced by the stopping condition: time is not allowed to pass beyond the point at which physclock = nextsend. 
automaton ClockSync(u, r: Real, i: Nat) where u > 0 /\ 0 ( r /\ r < 1

  signature output send(m: Real, const i), receive(m: Real, j: Nat, const i) where j ( i 

  states

    nextsend: DiscreteReal := 0,

    maxother: DiscreteReal := 0,

    physclock: Real := 0

  let logclock = max(maxother, physclock) 

  transitions

    output send(m, i)

      pre m = physclock /\ physclock = nextsend

      eff  nextsend := nextsend + u

    output receive(m, j, i)

      eff  maxother := max(maxother, m) 

  trajectories

    invariant continuous(physclock)

    stop when physclock = nextsend 

    evolve (1 - r) ( d(physclock); d(physclock) ( (1 + r)
Figure 4.4.  TIOA description of a clock synchronization algorithm
5. Properties of automata

5.1. Executions and traces

The behavior of a timed I/O automaton is defined by a simple mathematical object called its trace, which is a sequence of external actions interspersed with time-passage steps.  An execution fragment of a timed I/O automaton is a sequence τ0, π1, τ1, π2, ... of alternating trajectories τi and actions πi+1 such that, if τi is not the last trajectory in the sequence, then its domain is a closed interval [0, ti] of time and the triple [τi(ti), πi+1, τi+1(0)] is a transition of the automaton.  An execution is an execution fragment such that τ0(0) is an initial state.  A state is reachable if it occurs in some execution.  The trace of an execution is a sequence that alternates between the external actions πi in the execution and the final times ti of the trajectories in the execution.  Thus, the only information about trajectories in a trace consists of the amount of time that passes between discrete actions.

For example, the following sequence of actions interspersed with times is a trace of the AlarmClock defined in Figure 3.3

 REF _Ref114572330 Figure 3.5.  This trace corresponds to the user setting the time at 10:00am, setting and then toggling the alarm just before midnight, and hearing the alarm go off the next morning:

showTime(0, 0), 1, showTime(0, 1), 1, ..., 

setTime(10, 0), 0, showTime(10, 0), 1, showTime(10, 1), ..., 

showTime(23, 59), 0, setAlarm(8, 0), 0, toggleAlarm, 1, showTime(0, 0), 1, ..., 

showTime(7, 59), 1, showTime(8, 0), 0, ring, ...
5.2. Invariants

An invariant of an automaton is a property that is true in all reachable states of the automaton.  In TIOA, it is possible to specify one or more invariants for an automaton.  For example,

invariant of TimedChannel: 

  len(inTransit) = len(deadline);

  ( i: Nat ( j: Nat (0 < i /\ i ( j /\ j < len(deadline) ( deadline[i] ( deadline[j])

specifies that the sequence of deadlines for the delivery of messages by a TimedChannel (Figure 3.2) has the same length as the sequence of messages to be delivered, and that the deadlines occur in nondecreasing order.

When the effects of an automaton’s transition are defined by a program that consists of more than one statement (as they are for TimedChannel), then the states between the executions of those statements are intermediate states, which do not appear in the execution fragments of the automaton.  Invariants need not be true in intermediate states that are not also reachable (i.e., that occur between discrete transitions in an execution fragment).

5.3. Simulation relations

Editorial note: Forthcoming, first for untimed automata and then for timed automata.
6. Operations on automata

The operation of composition allows an automaton representing a complex system to be constructed by composing automata representing individual system components.  The composition identifies actions with the same name in different component automata.  When any component automaton performs a step involving an action π, so do all component automata that have π in their signatures. 

The hiding operation “hides” output actions of an automaton by reclassifying them as internal actions; this prevents them from being used for further communication and means that they are no longer included in traces. 

The renaming operation changes the names of an automaton's actions, to facilitate composing that automaton with others that were defined with different naming conventions.  The TIOA language does not currently support this operation.
Editorial note: Further details forthcoming.
7. Data types in TIOA 

TIOA enables users to define the actions and states of I/O automata abstractly, using mathematical notations, without having to provide concrete representations for these abstractions.  Some mathematical notations are built into TIOA; the user can define others. 

In TIOA, notations for the primitive data types Bool, Nat, Int, Real, AugmentedReal (which adds two elements, ∞ and -∞ to the set of reals), Char, and String be used without explicit definition.  Section 7.1describes the operators available for each of these types.

Notations for compound data types formed using the type constructors Array, Map, Mset, Null, Seq, and Set can be used without explicit definition.  Section 7.2 describes the operators available for each of these compound types.

Additional types can be introduced as parameters in automaton definitions, as in the IndexedChannel automaton (Figure 4.1), which is parameterized by the type M of messages that it can transmit.  Users can provide notations for operators on these and other (primitive or compound) types by means of vocabulary definitions (see Section 7.3).  

Vocabularies can also be used to introduce notation for three kinds structured types: enumeration types, tuple types, and union types (see Section 7.4).

7.1. Primitive data types

The following primitive types and operators require no declaration.

7.1.1. Booleans

The data type Bool has two elements, true and false, which are called boolean or logical values.  The following notations may be used to denote boolean values or functions that can be applied to boolean values p and q.

	Symbol
	Alternate
	Sample use
	Meaning

	true
	
	true
	The logical value true

	false
	
	false
	The logical value false

	(
	~
	(p
	Negation (not)

	(
	/\
	p ( q
	Conjunction (and)

	(
	
	p ( q
	Disjunction (or)

	(
	=>
	p ( q
	Implication (implies)

	(
	<=>
	p ( q
	Logical equivalence (if and only if)


In addition, the following notations denote boolean values that result from applying functions to values x and y, both of which have the same type, or from applying quantifiers to boolean-valued expressions.

	Symbol
	Alternate
	Sample use
	Meaning

	=
	
	x = y
	Equal to

	(
	~=
	x ( y
	Not equal to

	(
	\A
	( n:Nat ( (n < 0) 
	For all

	(
	\E
	( i:Int (i < 0)
	There exists


Syntactically, the operator ( binds more tightly than the operators ( and (, which bind more tightly than (, which binds more tightly than (.  Thus, ( (p ( q) ( (p ( (q abbreviates the fully parenthesized expression (( (p ( q)) ( (((p) ( ((q)), but parentheses are required to distinguish (p ( p) ( q, which always has the value q, from p ( p ( q, which abbreviates p ( (p ( q) and always has the value true.
7.1.2. Natural numbers

The elements of the data type Nat are the non-negative integers 0, 1, 2, ..., which are called natural numbers.  The following notations may be used to denote natural numbers or functions that can be applied to natural numbers x, y, and z.

	Symbol
	Alternate
	Sample use
	Meaning

	0, 1, ...
	
	123
	Natural numbers

	succ
	
	succ(x)
	Successor (succ(x) = x+1)

	pred
	
	pred(x)
	Predecessor (pred(succ(x)) = x)

	+
	
	x + y + z
	Addition

	–
	-
	x – y
	Subtraction (undefined if x < y)

	*, **
	
	x * (y**z)
	Multiplication, exponentiation

	min, max
	
	min(x, y)
	Minimum, maximum

	div, mod
	
	mod(x, y)
	Quotient, modulus

	<, ≤
	<. <=
	x ≤ y
	Less than (or equal to) 

	>, ≥
	>, >=
	x > y
	Greater than (or equal to)


The values of the functions div(x, y) and mod(x, y) are defined when y > 0, in which case mod(x, y) < y and x = y*div(x, y) + mod(x, y).  Syntactically, all binary operators bind equally tightly, so that expressions must be parenthesized, as in ((x*y) + z) > 3, to indicate the arguments to which operators are applied.  (In the future, TIOA will employ the usual binding order for the symbols commonly used in arithmetic.)

7.1.3. Integers

The elements of the data type Int are the integers .., -2, -1, 0, 1, 2, ... . All notations that can be used with natural numbers have the same meaning when those natural numbers are considered as integers, and they have suitably extended meanings when used with integers.  In particular, the value of x – y is always defined (and is an integer) if x and y are integers, but the value of x**y is not an integer if y is negative.

   The following additional notations may be used to denote functions that can be applied to integers.

	Symbol
	Alternate
	Sample use
	Meaning

	–
	-
	–x
	Additive inverse (unary minus)

	abs
	
	abs(x)
	Absolute value


Syntactically, a numeric constant (e.g., 0 or 1) can denote either a natural number or an integer (or even a real number).  In many cases, it makes no difference which of these it denotes, because TIOA treats the natural numbers as a subset of the integers and the integers as a subset of the real numbers.  In other cases, it does make a difference.  For example, the type of the expression x**y will be a natural number if both x and y are natural numbers, an integer if x is an integer and y is a natural number, and a real number if x is not an integer or y is negative.  TIOA usually determines the types of numeric constants from the contexts in they appear.  

7.1.4. Real numbers

The elements of the data type Real are real numbers.  All notations (except succ, pred, div, and mod) that can be used with integers have the same meaning when those integers are considered as real numbers, and they have suitably extended meanings when used with real numbers.  In addition, x/y denotes the value of x divided by that of y, with the exception that the value of x/0 is undefined, and floor(x) denotes the largest integer that is less than or equal to x.

TIOA treats the static data type DiscreteReal as identical to the static data type Real.  The only difference is that a variable with static type DiscreteReal is a discrete variable, whereas one with type Real is an analog variable.

The elements of the data type AugmentedReal are the real numbers plus two additional elements ∞ and -∞.
7.1.5. Characters

The elements of the data type Char are the characters for letters and digits  (Future versions of TIOA may introduce other elements in this data type.)  The following notations may be used to denote characters.

	Symbol
	Alternate
	Sample use
	Meaning

	'A', ..., 'Z', 'a', ..., 'z'
	
	'J'
	Letters

	'0', ..., '9'
	
	
	Digits

	<, ≤, >, ≥
	<, <=, >, >=
	'A' < 'Z'
	Alphabetic ordering


7.1.6. Strings

The elements of the data type String are sequences of characters.  All notations that can be used with the data type Seq[Char] can also be used with the String data type.  In addition, the symbols  <, ≤, >, and ≥ represent the lexicographic ordering.

7.2. Type constructors

The following type constructors and operators require no declaration.

7.2.1. Arrays

For each n > 0, the elements of the data type Array[I1, .., In, E] are the n-dimensional array of elements of type E indexed by elements of types I1, ...,  In.  The following notations may be used to denote arrays or functions that can be applied to arrays A and B of types Array[I, E] and Array[I, J, E].
	Notation
	Sample use
	Meaning

	constant
	constant(e)
	Array with all elements equal to e 

	...[..., ..., ...]
	A[i]
	Element of A indexed by i:I 

	
	B[i, j]
	Element of B indexed by i:I and j:J

	assign
	assign(A, i, e)
	Array A' equal to A except that A'[i] = e

	
	assign(B, i, j, e)
	Array B' equal to B except that B'[i, j] = e


The dimension of the array denoted by constant(e) is determined by an explicit qualification, as in constant(e):Array[I,I,E], or by context, as in constant(e)[i].
7.2.2. Finite sets

The elements of the data type Set[E] are finite sets of elements of type E.  The following notations may be used to denote sets of type Set[E] or functions that can be applied to sets s and s’ of type Set[E] and an element e of type E.

	Symbol
	Alternate
	Sample use
	Meaning

	Ø
	{}
	Ø
	Empty set

	{...}
	
	{e}
	Singleton set containing e alone

	insert
	
	insert(e, s)
	Set containing e and all elements of s

	delete
	
	delete(e, s)
	Set containing all elements of s, but not e

	(
	\in
	e (s
	Member of

	(
	\notin
	e (s
	Not a member of

	(, (, –
	\U, \I, -
	(s ( s') – (s ( s')
	Union, intersection, difference

	(, (
	\subset, \subseteq
	s ( s'
	(Proper) subset

	(, (
	\supset, \supseteq
	s ( s'
	(Proper) superset

	size
	
	size(s)
	Number of elements in s 


7.2.3. Finite mappings

The elements of the data type Map[D1, ..., Dn, R] are finite partial mappings with an n-dimensional domain of type D1( ... (Dn to elements of a range with type R.  Mappings differ from arrays in that they are defined only for finitely many elements of their domains (and hence may not be totally defined).  The following notations may be used to denote mappings or functions that can be applied to mappings M and M1 of types Map[I, R] and Map[I, J, R].
	Symbol
	Alternate
	Sample use
	Meaning

	Ø
	{}
	Ø
	Empty mapping

	...[..., ..., ...]
	
	M[i]
	Image of i:I under M (if defined)

	
	
	M'[i, k]
	Image of i:I and j:J under M' (if defined)

	defined
	
	defined(m, i)
	True if M[i] is defined

	update
	
	update(M, i, r)
	Mapping M' equal to M except that M'[i] = r


7.2.4. Finite multisets

The elements of the data type Mset[E] are finite multisets of elements of type E.  All notations that can be used with sets of type Set[E] have suitably extended meanings when used with multisets of type Mset[E].  In addition, the symbol count denotes a binary function such that count(e, s) is the (natural) number of times an element e occurs in a multiset s.  

7.2.5. Sequences

The elements of the data type Seq[E] are finite sequences of elements of type E.  The following notations may be used to denote sequences of type Seq[E] or functions that can be applied to sequences s and s’ of type Seq[E] and elements e of type E and n of type Nat.

	Symbol
	Alternate
	Sample use
	Meaning

	Ø
	{}
	Ø
	Empty sequence

	⊢
	|-
	s ⊢ e
	Sequence with e appended to  s

	⊣
	-|
	e ⊣ s
	Sequence with e prepended to s

	||
	
	s || s'
	Concatenation of s and s'

	(
	\in
	e ( s
	Member of

	(
	\notin
	e (s
	Not a member of

	head, last
	
	head(s)
	First (last) element in sequence

	init, tail
	
	tail(s)
	All but first (last) elements in sequence

	len
	
	len(s)
	Length of s

	...[...]
	
	s[n]
	nth element in s


7.2.6. Extensions by nil

The elements of the data type Null[E] consist of a copy of each element of the underlying data type E, plus one additional element nil.  The following notations may be used to denote elements of type Null[E] or functions that can be applied to an element n.

	Notation
	Sample use
	Meaning

	nil
	nil
	The additional element nil

	embed
	embed(e)
	The element corresponding to e:E

	.val
	n.val
	The e such n = embed(e); nil if n = nil


7.3. User-defined vocabularies

Users can introduce additional data types and type constructors by defining vocabularies for them.  Each vocabulary introduces notations for one or more types (following the keyword types) and one or more operators (following the keyword operators).  Each operator has a signature that specifies the types of its arguments followed by the symbol ( (which can be typed as ->) and the type of its result.  Infix, prefix, postfix, and mixfix operators are named by sequences of characters and are defined using placeholders  __ (two underscores) to indicate the locations of their arguments.  Operators used in functional notation (e.g., in max(a, b)) are named by simple identifiers.
 In fact, each of the data types that require no declaration in TIOA is defined by a vocabulary.  For example, the following vocabulary provides notations for the Nat data type.  

vocabulary Nat
    types Nat
    operators

     succ, pred: Nat ( Nat
     __+__, __–__, __*__, __**__, min, max, div, mod: Nat, Nat ( Nat

     __<__, __≤__, __>__, __≥__, __=__, __(__: Nat, Nat(Bool

In TIOA, an operator always denotes a total function, even if its values are not known for some elements in its domain.  Thus, to say that mod(x, 0) is “undefined” means that its value is some fixed, but unknown element of Nat; it does not mean that mod is a partial function.

A vocabulary definition can be parameterized, as in

vocabulary OrderingOps(T: type)

   types T

   operators __<__, __≤_, __>__, __≥__, __=__, __(__: T, T ( Bool
and reused by importing it into other vocabularies, as in

vocabulary Nat
    imports OrderingOps(type Nat)
    operators

     succ, pred: Nat ( Nat

     __+__, __–__, __*__, __**__, min, max, div, mod: Nat, Nat ( Nat

vocabulary Real

    imports OrderingOps(type Real)

    operators

      –__, abs: Real ( Real
      __+__, __–__, __*__, __**__, __/__, min, max: Real, Real ( Real

      floor: Real ( Int
or into automaton definitions, as in

automaton Arrange(T: type)

  imports OrderingOps(type T)
  signature output swap(i, j: Nat)

  states A: Array[Nat, T]

  transitions output swap(i, j; local temp: T)

    pre A[i] < A[j]

    eff  temp := A[i]; A[i] := A[j]; A[j] := temp
A vocabulary can also be used to define a type constructor, as in the following predefined vocabulary for the data type Null[T].
vocabulary Null defines Null[T]

   operators

     nil : ( Null[T]

     embed : T ( Null[T]

     __.val : Null[T] ( T 

The identifier T in this vocabulary is a type parameter, which is instantiated any time the constructor Null is used to provide operator notations appropriate for that use.  Thus, if x is a variable of type Null[Int], then one can write embed(x).val = x.
7.4. Templates for data types

Notations for enumeration, tuple, and union types analogous to those found in many common programming languages can be included in vocabularies by templates, which TIOA expands to define and import vocabularies that provide these notations.  For example,

vocabulary sampleVocab

   types Color enumeration [green, yellow, red],

              Msg   tuple [source, dest: Process, contents: String],

              Fig     union [sq: Square, circ: Circle] 

can be imported into the definitions of other vocabularies or automata to provide notations for the three data types it describes. TIOA automatically expands these enumeration, tuple, and union templates as follows.

7.4.1. Enumerations

The following automaton TrafficLight illustrates the use of the enumeration type Color defined in sampleVocab.

automaton TrafficLight

  imports sampleVocab

  signature output change(c: Color)

  states next: Color := green

  transitions output change(c)

    pre c = next

    eff next := if c = red then green else succ(next) 

Any vocabulary that includes the template Color enumeration [green, yellow, red] in its types clause is equivalent to one without that template included that imports the following vocabulary.

vocabulary Color

  types Color

  operators
   green, yellow, red:  ( Color

   succ: Color ( Color

Each identifier enclosed within the brackets in the template denotes an element of the data type Color.  The symbol succ denotes an ordering of these elements, with succ(green) = yellow and succ(yellow) = red.

7.4.2. Tuples

The automaton Multicast illustrates the use of a tuple type Packet, which is similar to the tuple type Msg defined in sampleVocab.  

Any vocabulary that includes the template Msg tuple [source, dest: Process, contents: String] in its types clause is equivalent to one without that template included that imports the following vocabulary.

vocabulary Msg

  types Msg, Process

  operators
    [__,__,___]: 
Process, Process, String
( Msg

    __.source, __.dest: 
Msg 
( Process

    __.contents: 
Msg 
( String

    set_source, set_dest: 
Process, Msg 
( Msg

    set_contents: 
String, Msg 
( Msg

Each field name (e.g., source) in the template generates two distinct operators (e.g., __.source and set_source, both with signature Msg ( Process).  The operators denote functions such that
[s, d, m].source = s
set_source([s, d, m], s’) = [s’, d, m]

[s, d, m].dest = d
set_dest([s, d, m], d’) = [s, d’, m]

[s, d, m].contents = m
set_contents([s, d, m], m’) = [s, d, m’]

7.4.3. Unions

The following automaton Draw illustrates the use of the union type Fig defined in sampleVocab.

automaton Draw
  imports sampleVocab
  signature  

    internal select

    output draw(f: Fig)

  states next: Fig

  transitions 

    internal select(local c: Circle)

      pre tag(next) = sq

      eff  next := circ(c)

    internal select(local s: Square)

      pre tag(next) = circ

      eff  next := sq(s)

    output draw(f)

      pre f = next

Any vocabulary that includes the template Fig union [sq: Square, circ: Circle] in its types clause is equivalent to one without that template included that imports the following vocabulary.

vocabulary Fig  union [sq: Square, circ: Circle]
  types Square, Circle, Fig, Fig_tag enumeration [sq, circ]

  operators
    __.sq: 
Fig 
( Square

    __.circ:
Fig 
( Circle

    sq: 
Square
( Fig

    circ: 
Circle 
( Fig

    tag: 
Fig 
( Fig_tag

Each field name (e.g., circ) in the template generates three distinct operators (e.g., circ: (Fig_tag, circ:Circle(Fig, and __.circ:Fig(Circle).  The operators denote functions such that
tag(sq(s)) = sq
tag(circ(c)) = circ

sq(s).sq = s
circ(c).circ = c
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let legalTime(hour, minute: Nat) = minute < 60 /\ hour < 24





automaton Alarm


  signature


    input showTime(hour, minute: Nat) where legalTime(hour, minute),


             setAlarm(hour, minute: Nat) where legalTime(hour, minute),


             toggleAlarm


    output ring


  states


    alarmTime: Nat := 0,


    turnedOn: Bool := false,


    ringNow: Bool := false


  transitions


    input setAlarm(hour, minute)


      eff alarmTime := (60*hour) + minute


    input showTime(hour, minute)


      eff ringNow := turnedOn /\ alarmTime = (60*hour) + minute


    input toggleAlarm


      eff turnedOn := (turnedOn


    output ring


      pre ringNow


      eff ringNow := false





automaton Clock


  signature


    output showTime(hour, minute: Nat) where legalTime(hour, minute)


    input  setTime(hour, minute: Nat) where legalTime(hour, minute)


  states 


    whatToShow: Nat := 0,


    whenToShow: Nat := 0,


    now: Real := 0


  transitions 


    input setTime(hour, minute)


      eff whatToShow := (60*hour) + minute;


	      whenToShow := floor(now)


    output showTime(hour, minute)


      pre whenToShow = floor(now);


            hour = div(whatToShow, 60);


            minute = mod(whatToShow, 60)


      eff whenToShow := floor(now) + 1;


           whatToShow := mod(whatToShow + 1, 24*60)


  trajectories


    trajdef timePassage


      stop when whenToShow = floor(now)


      evolve d(now) = 1





automaton AlarmClock


  components Clock; Alarm








vocabulary Packet   


   types Message, Node, Packet tuple [contents: Message, source: Node, dest: Set[Node]] 





automaton Multicast


   imports Packet


   signature


     input     mcast(m: Message, i: Node, I: Set[Node])


     internal deliver(p: Packet)


     output   read(m: Message, j: Node)


   states


     network: Mset[Packet] := Ø,


     queue:   Array[Node, Seq[Packet]]


       initially ( i: Node (queue[i] = Ø )


   transitions


     input mcast(m, i, I)


       eff  network := insert([m, i, I], network)


     internal deliver(p)


       pre p ( network


       eff  for j: Node in p.dest do queue[j] := queue[j] ⊢ p od;


              network := delete(p, network)


     output read(m, j)


       pre queue[j] ( Ø   /\  head(queue[j]).contents = m


       eff  queue[j] := tail(queue[j])





send(m)





transitions output swap(i, j: Nat)


  eff A[i] := choose;


        A[j] := choose


        ensuring A[i] = A[j] /\ A[j] = A[i]





receive(m)





Channel











