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Abstract. A concept and design of a simulator of Real-Time Abstract
State Machines is described. Time can be continuous or discrete. Time
constraints are defined by linear inequalities. Two semantics are con-
sidered: with and without non-deterministic bounded delays between
actions. The simulator is easily configurable. Simulation tasks can be
generated according to descriptions in a special language. The simula-
tor is used for verification of formulas in an expressible timed predicate
logic. Several features that facilitate the simulation are described: ex-
ternal functions definition, delays settings, constraints specification, and
others.

1 Introduction

We know that all the phases of development are accompanied by this or that
validation and the cost of errors at the specification level is much more expensive
than that of implementation. Therefore, we are interested in the validation by
simulation of a program specification with respect to the requirements. The
specification languages based on the formalism of Abstract State Machines [1]
have been proved to be a very powerful technique for specifying algorithms,
formal semantics and interactive systems. Even rather simple, “basic” ASMs [2]
are sufficient to represent any algorithmic state machine with exact isomorphic
modeling of runs. This formalism bridges human understanding, programming
and logic. The ASM specification method has a number of successful practical
applications in specifying formal semantics, protocols, interactive systems. Some
of these specifications were validated by hand or by simulation/testing with the
help of tools like AsmL [3]. However these systems are not real-time. Our goal
is the simulation of systems with real-time constraints involving arithmetics
operations.

Real-time systems imply using time (explicit or implicit) and time constraints
in the specification language and in user requirements. By default the ASM
formalism doesn’t have a fixed time model. Several approaches exist, the first
was [4] then followed [5, 6]. In some works the explicit using of time function is
used like in [3]. In the work [7] the properties of a real-time ASM semantics are
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described. Some of the works propose the ideas of time delays treatments [8, 6,
9]. In [9] time is a kind of resource consumed by the specified system.

In this article we consider timed reactive abstract state machines and describe
a simulator-model checker which generates finite runs for given inputs and checks
properties for these runs.

To express properties of real-time ASMs we use First Order Timed Logic
(FOTL [5]), a predicate logic with arithmetics. This logic is clearly undecidable.
There exist practical decidable classes [5, 10, 11], however the decidability algo-
rithm is not so simple to apply. We know from the practice that most errors in
software can be revealed on rather simple inputs ; for reactive systems this means
that finite models of small complexity are usually sufficient to find very serious
errors. However, the user should have convenient means to construct inputs.

Thus, we design our simulator as some kind of partial, bounded model-
checker. It is presumed to be light, portable and easily configurable. The simu-
lator provides a language to describe a timed semantics and to generate inputs.
We consider two semantics, both with instantaneous actions, one without delays
between actions, another one, more realistic, with bounded non deterministic
delays between actions (by action here we mean an update of the current state,
we make it more precise below). The simulator checks the existence of a run
for a given input, outputs details of the run that can be specified in a special
language, and checks the requirements formula for this run.

There are several implementations of ASM interpreter or compiler as Mi-
crosoft AsmL [3], Distributed ASML [12], Core ASM project [13], Michigan
interpreter [14], XASM [15], and ASMGofer [16].

These systems do not deal with real-time ASMs or predicate logic require-
ments. To simulate real-time ASMs and we tried to develop an easily configurable
simulator. To do that we needed some additional features such as explicit time
manipulation, built-in features for time propagation and delays maintenance,
and more powerful capabilities for constraints and properties defining. To sum-
marize the problem we consider the following features :

– real-time reactive systems with continuous or discrete time,
– time constraints expressed by linear inequalities,
– programs are specified as ASMs,
– requirements are expressed in FOTL.

2 Timed ASM

In this paper by an ASM we mean a simple type of timed abstract state machine.
A timed ASM is a tuple (V OC, INIT, PROG), where V OC is a vocabulary,
INIT is a description of the initial state, and PROG is a program. The vocab-
ulary consists of a set of sorts, a set of function symbols, and a set of predicate
symbols. The following pre-interpreted sorts are included: R is the set of reals;
Z is the set of integers; N is the set of natural numbers; BOOL is the set of
boolean values: true and false; T = R+ special time sort; Undef = {undef} is
a special sort used to represent the undefined values.



All functions of an ASM are divided into two categories: internal and external
functions. Internal functions can be modified by the ASM. External functions
cannot be changed by the ASM. On the other hand, the functions can also be
divided into static and dynamic functions. Dynamic external functions represent
the input of the ASM. A static function has a constant interpretation during any
run of the ASM. Among the static pre-interpreted functions of the vocabulary are
arithmetical operations, relations, and boolean operations. The equality relation
“=” is assumed to be defined for all types.

Timed ASMs use a special time sort T and a nullary function CT : → T
which returns the current “physical” time. Only addition, subtraction, multi-
plication and division by a rational constant, standard equality and inequality
relations are supported. Both discrete time (natural numbers including zero) and
continuous time (we use only finite sets of intervals and points) are supported by
the simulator. A run of an ASM is a mapping from time to states. Each state is
an interpretation of the vocabulary of the ASM. Thus, from the “run viewpoint”
a dynamic function is a function of time.

In this work we admit only piecewise linear inputs defined on sets of left-
closed right-open intervals [tk, tk+1), where tk are time points, k is natural. The
internal functions will be also piecewise linear defined on sets of left-open right-
closed (tk, tk+1] (it is implied by the structure of ASM).

3 Timed ASM syntax

The program of the timed ASM is defined in a usual way as a sequence of
instructions of several types. Here we show the main constructions though there
are also while-do and repeat-until loops, forall and choose statements, etc.:

– A single update rule in the form of an assignment A = {f(x1, . . . , xk) := θ};
– A parallel block of update rules [A1; . . . ; Am] which are executed simultane-

ously (this block is called an update block);
– A sequential block of update rules {A1; . . . ; Am} which are executed in the

order they are written;
– A guarded rule, where Guardi, i ∈ 1, . . . , n are guard conditions and Ai, i ∈

1, . . . , n + 1 are statements:
if Guard1 then A1 elseif Guard2 then A2 . . . else An+1

In this section most of the constructs of the Timed ASM language are de-
scribed. The Timed ASM language syntax is similar to MS AsmL or Distributed
ASML as we tried to preserve the existing syntactical features.

3.1 Sequential and parallel blocks of statements

A sequential block of statements is simply a sequence of statements which are
executed one after another. We have chosen the following way to specify a se-
quential composition of statements P and Q like:



{ P Q }

A parallel block is a set of statements for which the order of statements is
not important. All statements in a parallel block are executed simultaneously.
We have chosen this short variant:

[ P Q ]

3.2 Types

To define a new type as a set of N constants the following construction should
be used:

type new_type_1 = {val1, val2, ... valN};

The following definition specifies a mapping from a product of N types to
the type result type.

type new_type_2 = type1, type2, ... typeN -> result_type;

3.3 Functions

All functions, both of zero and non-zero arity, are defined with the help of var
keyword. If the type of the defined function is simple (Integer, Real, a set of
constants) one can use an optional initialization.

var variable_name [= initial_value] : variable_type;

In general the following definition is used (type name is a name of predefined or
user-defined type):

var function_name : type_name;

3.4 Iterators and selection

For the instructions which perform an action S over a set U in parallel or over
an element of a set we use this syntax (b(u) is an optional condition):

foreach u in U where b(u) do S
choose u in U where b(u) do S

3.5 Predicate formulas

To represent a predicate formula we will use a common syntax that is used in
most of the ASM based languages:

forall x in Y holds F(x)
exists x in Y where F(x)

Both keywords ”in” and ”:” can be used to specify the membership of a variable
x to the set Y. The predicate formula itself is specified by F(x) — a FOTL
expression of Boolean type.



3.6 Token example

Here is an example of an ASM specification. It consists of two guarded updates
in a loop. As an input it reads the values of the external functions Pass, d1,
and d2. The Pass function defines the next process that wants the token. If the
conditions turn to true, the token is given to the next process.

type ProcessNo = {0..4}; // the set of all processes
var Curr = 0: ProcessNo; // the number of current process
var Last: Time; // the time moment of last update
var Pass: ProcessNo; // external function
var d1, d2: Float; // external functions

Main() {
Last := 0;
while (CT <= 10) do [
if ((Pass > 0) and (Pass != Curr)) then [

if (CT >= Last+d1 and CT <= Last+d2) then Curr := Pass;
Last := CT;

]
]

}

4 External functions definition

An external function definition looks as follows: f : X → Y , the corresponding
timed version of the function is the following: f◦ : T × X → Y, where f is the
name of the function, X is an abstract sort or a direct product of two abstract
sorts, T is the pre-interpreted time sort, Y is an abstract sort or pre-interpreted
sort R. The timed version of a function f◦ can not be used explicitly in an ASM
specification, it is used in requirements. A function can change its interpretation
during the run of the ASM, therefore the time dimension T allows us to use the
time variable as an independent variable. Definite time variable values split the
whole run of an ASM into a sequence of “slices” in which the interpretations are
constant.

The sort X can be enumerated as a sequence of natural numbers. Thus, we
can define a function as follows:

f(i) := (ti1, f
i
12; t

i
2, f

i
23; . . . ; t

i
k, f i

kk+1; . . .)

where i ∈ 1, . . . , n, n is the number of intervals or the cardinality of the sort X ,
t1, t2, . . . , tk, . . . are start points of intervals, f i

12, f
i
23, . . . , f

i
kk+1, . . . are function

values defined on the time left-closed right-open intervals. If X is a product of
two abstract sorts, X = X ′ ×X ′′ then the definition will look as follows:

f(i, j) := (ti,j1 , f i,j
12 ; ti,j2 , f i,j

23 ; . . . ; ti,jk , f i,j
kk+1; . . .)



where i ∈ 1, . . . , n, j ∈ 1, . . . ,m, n is the number of intervals or the cardinality
of the sort X ′, m is the cardinality of the sort X ′′, and all other designations are
analogous to the ones in the previous sequence.

Each function can be also defined by an expression. The following additional
pre-interpreted variables can be used in the definitions: ta — absolute time, tr
— relative time, varying in the time interval [0, tk+1 − tk), for each k. Thus, for
[tk, tk+1) the following holds: ta = tk + tr.

5 Delay settings

All updates in ASM [1] are instantaneous. In reality, it may take some time
to perform an update. We model this by non-deterministic bounded delays be-
tween actions that remain instantaneous. In the current implementation of the
simulator the delay is calculated deterministically. The value of a delay depends
on the complexity and quantity of instructions used in the specification. Non-
deterministic bounded delays will appear in the next version of the simulator.
Some ideas of managing the process of time propagation already appeared, for
example in [8, 6]. We propose several ways of dealing with delays depending on
the purposes of the user. We define a function of time delay δ on the set of all
statements and expressions which will be denoted as S. The function of time
delay can be specified as δ : S → T . For each operation the value of time delay
function can be set individually and it will be used in the process of simulation.

There are two different types of calculations: sequential composition and
parallel composition. For the sequential composition f◦g the delay is calculated
as a sum of delays of each function, i.e. δ(f◦g) = δ(f) + δ(g). For the parallel
composition ||fi the delay is the maximum of the delays of all functions, i.e.
δ(||fi) = maxi δ(fi).

This function δ can be used at different levels of abstraction. For example,
it can be used at the level where we have only two different time delays for
slow and fast operations making difference between operations with internal and
shared variables. The notion of shared variables is used to mark the variables
that can be accessed from several processes. This kind of variables is one of the
methods for implementing inter-process communication. Operations with shared
variables are usually slower than operations with internal variables of a process,
as they imply several inter-process operations. In our Bakery algorithm the field
number of the Bakery class is a shared variable. Thus, we can specify delays
in various ways, e.g.:

– Two dedicated delays δext (operations with external functions) and δint (op-
erations which deal only with internal functions), δext > 0, δint > 0;

– The same as the previous one but all internal operations are instantaneous:
δext > 0, δint = 0;

– No delay, all operations are instantaneous: δext = δint = 0. In this degener-
ated case we have a standard abstract state machine;



– A generalized case: there are no predefined delays for all operations. We have
a set of delays each of them corresponds to one function or operation. All of
them have to be defined manually.

Examples (in the configuration file we write d(<instruction>)=<delay>):

d(+) = 1; d(*) = 2; dext = 3; dint = 1;

6 Resolving non-determinisms

A typical example of nondeterministic choice is the choose statement when one
of the possible values has to be chosen. We consider this situation as a tuple of
all possible choices with several ways of element selection. The method should
be provided in the configuration of the simulator. It is set by one assignment
in the configuration file (the abbreviation ndr stands for ”non-determinisms
resolution”). Here some methods are shown:
– The first (last) element of the tuple: ndr = first,
– The minimal (maximal) element of the tuple, if some order is defined for the

elements: ndr = min,
– The element defined by its index — a sequence of natural numbers with a

predefined step: ndr = seq start <x> step <y>,
– The element defined by its index; the index is provided by a random numbers

generator: ndr = random.

For example, consider a tuple (5, 1, 3, 2, 9, 6, 4). The first and the last elements
will be 5 and 4. The minimal and the maximal elements will be 1 and 9. If we
define a sequence of natural numbers starting from 1 with the step of 3 we will
get a resulting sequence as follows: 5, 2, 4, 9, 3, 6, 1.

7 Properties

To express requirements for ASMs one needs a powerful logic. In this work
we consider a First Order Timed Logic (FOTL) [5, 10] for representing the
requirements. Here is an example of a FOTL property for the Token example.
It defines the liveness property.

∀t1t2(last◦(t1) < last◦(t2)∧d◦1(t1) ≤ last◦(t2)−last◦(t1) ≤ d◦2(t1) ⇒ curr◦(t1) 6= curr◦(t2))

7.1 First Order Timed Logic

The main idea of FOTL is to choose a decidable theory to work with arithmetics
or other mathematical functions, and then to extend it by abstract functions of
time that are needed to specify the problems taken under consideration. In some
way, the theory must be minimal to be sufficient for a good expressivity. For the
purposes of the present work we take the theory of mixed real/integer addition
with rational constants and unary multiplications by rational numbers. This
theory is known to be decidable [17]. Though we can consider either discrete
time as non negative integers or continuous time as non negative reals, we take
the case of continuous time.



Syntax of FOTL The vocabulary W of a FOTL consists of a finite set of sorts,
a finite set of function symbols and a finite set of predicate symbols. To each sort
a set of variables is attributed. Some sorts are pre-interpreted and have a fixed
interpretation. Such sorts are real numbers R and the time sort T . Therefore,
we have the same sorts as in the description of the Timed ASM including the
time sort T . Other sorts are finite and if a finite sort has a fixed cardinality it
can be considered as a pre-interpreted sort. Some functions and predicates are
also pre-interpreted. These are addition, subtraction, and scalar multiplication
of reals by rational numbers. The pre-interpreted predicates are =,≤, < over
real numbers. The vocabulary of FOTL also contains equality for all types of
objects and a CT ◦ function to define the time. Any abstract function is of the
type T ×X → Y , where X is a finite sort or a direct product of two finite sorts,
and Y is a finite sort or the pre-interpreted sort R. An abstract predicate is of
the following type T × X → Bool with the same type of sort X .

Semantics of FOTL For FOTL the notions of interpretation, model, satisfi-
ability and validity are treated as in first order predicate logic except the pre-
interpreted symbols of the vocabulary. Therefore, M |= F,M 6|= F , and |= F
where M is an interpretation and F is a formula, denote correspondingly that
M is a model of F , M is a counter-model of F , and F is valid.

8 Timed Abstract State Machine Semantics

8.1 Simulation process

In brief the process of simulating a system defined by a Timed ASM specification
in our approach consists of the following steps:

1. Calculation of the next time point in which at least one guard is true;
2. State update, which is represented by one or more statement blocks;
3. Evaluation of constraints before and after the state update.

Similar to “C” programming language and Java, the Main() method is used
as the top-level entry point of a specification. From the beginning of this method
the simulation of the top-level abstract state machine starts. At first, the main
ASM on the top level of the specification is executed. Further the process of
simulation runs as follows.

8.2 Sequential execution

In the sequential mode of execution the next operation is taken, all required
calculations are made and the state of the machine is changed. Then the next
construct or instruction is taken and so on.

If the user has specified the time delays for Timed ASM operations then the
time value is changed according to the given configuration. The current time
value is simply incremented by the value of current instruction time delay.

If the delay is zero then the update will be instantaneous, so the value of the
function will be defined in the certain point of time.



8.3 Block of parallel instructions

All instructions in a parallel block are considered to be executed in parallel.
We consider it as block of sub-machines running in the same way as the top-
level ASM but in its own space of states. Each sub-machine does not interact
or affect other sub-machines. If several sub-machines have been executed from
a parallel block they have the same initial state but their end states after the
execution, in general, are different. When all of them finish their execution the
total state change of the upper level sub-machine has to be calculated. Let each
sub-machine be designated as SMi, i = 1, 2, . . . , N , where N is the number
of parallel instructions in the block. Let SCi be the final state change of each

sub-machine. The total change of state will be calculated as
N⋃

i=1

SCi. If
⋃
i6=j

SCi∩
SCj = ∅, the state changes are consistent and the situation is entirely correct.
Otherwise, we have some inconsistencies and the execution will be stopped.
But, if the user has configured the non-determinism resolving procedure the
execution can be continued. In this case the new values of the functions from the
intersection set are chosen in accordance to the rules of simulation configuration.
After the total state change is calculated all further instructions start from the
new time point (see Delay settings). For example, consider the following parallel
block:

[ x := 1;
y := 2;
z := 3;
x := x + y + z;

]

It is clear that the variable x is affected two times and the user can choose if the
simulation process has to be stopped or it will be continued like in the situation
of a non-deterministic choose operation. If the first assignment x := 1; is chosen
the total time delay of the whole parallel block should be smaller than the total
time delay of the parallel block with the second assignment x := x + y + z;.

8.4 Looped parallel block

If a parallel block is looped it can happen that there are no instructions for
the current time moment to be executed. In this case we have to wait for the
closest time moment at which at least one of the guards turns to true and some
instructions can be executed. Of course, we can increment the time value until
some of the guards turns to true but it is not efficient and it is hard to choose the
increment step. Therefore, this problem is solved analytically. This time point is
calculated and if it is not the time to exit the loop, the instructions concerning
this time point are executed. If there are several guards that become true at this
time point then all of the guarded instructions are executed. If such a time point
does not exist the execution will be stopped.



The execution of parallel instructions is performed just as in the case of a
basic parallel block. The summary time delay and the resulting state change is
calculated according to the rules specified for the parallel block. After the state
is updated the simulation proceeds to the next iteration with a new time value.
A case when all the delays are set to zero is detected by the simulator and a
warning message can be sent to the user. The following is a simple example with
guarded updates in a loop.

{ x := 0; y := 0; z := 0;
while (CT < 16) do [
if (CT >= 12) then x := x + 1;
if (CT >= 8) then y := y + 1;
if (CT >= 17) then z := z + 1;

]
}

In this example it is clear that the third guarded update will not be executed.
The others will be executed if the value of CT is below 16 when the simulator
starts processing the loop statement. Each of these updates will be executed
several times depending on the value of time delay specified for operations used
in the update. In the first update there are three operations: read the value of x,
add 1 to the value of x, save the calculated value to x. Therefore, the time delay
for both of updates is the same and the time intervals are (12,16) and (8, 16)
correspondingly. So if the value of CT was below 8 when the loop was entered
the first guarded update will be executed about two times less than the second
one.

8.5 Verification

In brief, the verification feature consists of the following steps: parsing a formula,
elimination of abstract functions, elimination of other functions, elimination of
quantifiers over the time and evaluation of the obtained formula. Let F be a
FOTL formula defining a property.

F ≡ ∀t1 . . . tk
∨

i

∧

j

(∑

k

Hijk(Tijk) ≤ 0

)

where Hijk is a term and Tijk is a linear combination of time variables t1 . . . tk.
Let Im are the intervals where the values of functions are constant and there is
only one term Hij(Tij). Therefore, the atomic formula

Hij(Tij) ≤ 0 ≡
∧
m

(Tij ∈ Im ⇒ Hij(Tij) ≤ 0) ≡
∧
m

(Tij /∈ Im ∨Hij(Tij) ≤ 0)

Now we can calculate the values of Hij(Tij) ≤ 0 as they are constant and we get
a big system of inequalities:

∀t1 . . . tk
∨

i

∧

jmk

(Tij /∈ Imk
)



So, the modified includes only quantifiers over time and a system of linear in-
equalities with time variables. After the quantifier elimination procedure we can
get an expression with constants that can be easily calculated.

9 Conclusion

In this paper the most important features concerning the simulator of the Timed
ASM language were described. The simulator is based on the described semantics
features that will help us to build and verify specifications of real-time systems
via a customizable simulation of the models. The most important parameters of
simulation can be configured, i.e. external functions, time delays for language
operations and constructs, non-determinism resolving. The semantics of Send
and Receive statements is described. These statements are useful for encapsula-
tion of data in a class and provide a method for communication between agents
and synchronising the processes.

At the moment a simulator prototype is ready, which implements most of
the specified features. The following is the list of the implemented features:

– Lexical and syntactical analysis with building a parse tree;
– Loading definitions of external functions from a file;
– Loading the simulation parameters;
– Simulation of most constructs and operations of Timed ASM;
– Checking the specified formulas during the simulation;
– Simulation results output with the history of all state changes;
– Verification of simulation results against the user-defined properties.
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