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Abstract:

Statechart is a graphical technique for specification of reactive systems. Validation
of a statechart model is very important due to its potential complexity and can be
supported by different types of simulations: interactive, batch, programmed, exhaustive
and prototyping. In this paper we present a language named Execution Control Language
(ECL) to support the simulation of models based on randomic generation of events and
controlled execution. An example is shown and results obtained using programmed
execution are analyzed and used to improve the first version of the statechart model.
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1- Introduction

Reactive systems are defined as systems that interact with the environment,
receiving and issuing stimuli. Such systems must produce correct results within restrict
time intervals and when this does not happen, a fault is characterized [1]. Reactive systems
include communication networks, automobiles, telephones, digital watches and chips.
While in their counterpart, the Transformational Systems, attention is focused on the initial
and final states, in reactive systems all internal states are important, due to their
continuous interaction with the environment [2].

Finite State Machines, Petri Nets and Statecharts are graphical techniques for
specifying the dynamic behavior of Reactive systems. It has been shown that statecharts
are very useful in the specification of such systems, which fostered the development of
several environments based on statecharts, such as Statemate [3] and Argonaute [4].
Statechart is a visual formalism proposed by Harel [5] for the specification of complex
reactive systems.

Several reports have been published on the use of statecharts for modelling
reactive systems, e.g., avionics systems [6,7], computer operating systems [8] and man-
machine interface management systems [9]. They provide an extension to conventional
state-transition diagrams based on finite state machines whose outstanding features are
hierarchy of states, the ability to specifiy parallelism and a communication mechanism via
broadcasting. They also feature a rich set of special notations for augmenting the
notational power of state-transition diagrams, thus allowing the specification of complex
problems in very concise diagrams. This descriptive power makes it difficult to validate a
statechart model against its intended behavior. In practice, system models specified
through formalisms such statecharts may be validated in many ways; possible approaches
are: batch, interactive and programmed execution, prototype execution and code
generation [6].

Most of the environments for reactive systems specification include tools for the
interactive execution of models described in graphical or textual form. Although useful for
verification and validation of models, interactive execution, where the users interact with
the system directly, providing input events and modifying variables and conditions, enables
system execution in a free way, according to users requirements. It is also important to
observe system execution under random conditions, rather than only with previously
designed scenarios. This can be achieved using a simulation control program that
generates events randomically, sets and changes variable values and captures statistical
information about the execution [3]. Programmed execution complements other
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simulation techniques, namely batch, interactive and exhaustive simulation, as it can
produce results that are very difficult to obtain with these latter techniques [6].

The objective of this paper is to show a detailed example of statechart validation
based on the Programmed Execution simulation technique within StatSim [10], a
statechart environment developed in our research group. An Execution Control Language
(ECL) was designed and an execution module integrated to StatSim allow this type of
simulation. We also want to emphasize some statistical features embodied into ECL which
were inspired by the simulation language GPSS (General Purpose Simulation System)
[11,12] thus making StatSim suitable for handling "statistical" problems. The Statemate
environment also contains a module to control the simulation of statechart models similar
to the one presented here [3].

This paper is organized as follows: Section 2 presents a brief introduction to
statecharts and Section 3 gives an overview of the StatSim environment. In Section 4 we
present the main features of ECL and how to use it within StatSim. Section 5 presents an
example comprising a statechart model, a program in ECL that simulates the statechart
and an analysis of the reports produced. Concluding remarks are presented in Section 6.

2. An Overview of Statecharts

As with conventional state transition diagrams, states constitute the basic
components of statecharts. However, in statecharts, states may be embedded into
superstates thus creating hierarchies of states. Superstates may be of two types: AND-
States or XOR-States. The former capture the notion of independence - image and sound
may be on at the same time on a TV set. The latter correspond to refinement of states, e.g.
a digital watch either displays time or date or acts as a stopwatch. The components of an
AND-State are called orthogonal components and have the distinctive feature that a
system at an AND-State it is also in all orthogonal components of such state. Conversely,
if the system is at an XOR-State, it must be in only one of its substates.

The statechart of Figure 1 is intended to model the use of two processors by
processes requesting them. Requests for processing are controlled by a queue. When a
request for processing arrives, it is attended imediatelly if one of the processors is free,
otherwise it is enqueued. The statechart of Figure 1 contains an AND-state
CONTROL_PROCESS QUEUE and three XOR-states: CONTROL_QUEUE,
CONTROL_PROCESSOR_ONE and CONTROL_PROCESSOR_TWO; variable x
indicates the queue " s size.
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States interact through transitions composed by three basic parts: an event
expression, a condition expression and action statements. These components appear as
labels attached to the transitions according to the syntax: event-
expression[condition]/{action}. The event expression may be null if there is a condition,
and the action specification is also optional. Conditions are formed by a combination of
logical and relational operators involving variables and special conditions, e.g., being in a
state. Event-expressions are formed from a basic set of primitive events which can be
combined using logical disjunctions and conjunctions.

r@ STATSIM EDIT ICMSC — USP: VERSION 1.0 T
{ Files w) (States w) { Transitions w) {Variables v)  {"lead v} (" Hide/Clesure)
COWTROL_PROCESS_QUELE
/ CONTROL _QUEUE ' CONTROL_PROCESSOR_ONE \
L]
:
' '
' FREEL deliverllor (x>0 1/ xi=x-1
L]
: |
procezslor{indBUSYLY and indBUSY2) M1 xi=x+1
L]
\ /_\ ' deliverdler{x=0)]
L]
QUELE :
v CONTROL _PROCESSOR_TWO
:
ry : '
' FREEZ
[eriindFREELY 1/ tl '
professtertin reEs ' deliver2ler(x30)1/xi=x-1
! I request?
processlor {in{FREE2} ¥ 1/request? :
:
\ : deliver?lcr{x=0}] /
L]
L]
L STATECHART EEING EDITED : CONTROL_PROCESS_WRONG T

Figure 1 - Statechart to Control a Queue of Process

The transition labeled deliverl[cr(x=0)] is fired at a certain time step only if the
state BUSY1 is active at that time, the event deliverl occurs and the current value of x
IS zero, i.e., its value during microsteps [14]. Execution of an action may generate other
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events which are broadcast to the orthogonal components, possibly firing new transitions.
Assignments of arithmetic and logical expressions to variables are also allowed as legal
action statements. In Figure 1, the transition labeled process[cr(in(FREE1))]/requestl is
fired when QUEUE is active, process occurs and state FREEL is currently active. As
result of firing this transition the event requestl is generated and broadcast to the
orthogonal components of CONTROL_PROCESS QUEUE which may fire the
transition from FREE1 to BUSY1, depending whether or not FREE1 was active at the
beginning of that time step.

Execution of a statechart is based on a sequence of time steps where, at each step,
events generated by the environment, added to the ones generated internally as a
consequence of action execution, cause a set of transitions to be fired. The intended
semantics is that firing a transition takes no time, while being in a state takes a certain
time.

Amongst the various extensions added to conventional finite state machines,
statecharts allow the specification of state history, several special events like entering or
exiting an state (en, ex) or changes in the value of a control expression (tr,fs) or variable
(ch) as well as the special conditions current (cr) and not yet (ny) to test the current state
of a model and the occurrence of events within a time step.

3. The StatSim Environment

The StatSim environment comprises a graphical editor for creating statecharts and
a set of tools for statechart simulation. The graphical editor allows insertion and edition of
states and transitions as well as the specification of variables. We follow the syntax defined
by Harel [5,14] and always try to enforce it when new elements are inserted in the model;
global verifications can be made on demand. An internal event can be hidden as defined in
[15], so that it cannot be seen from the environment.

States and transitions may have associated activities and actions, respectively.
Activities are subject to three types of activation: DO [I when they execute during the
whole duration of the states; ENTRY [J the activation occurs when the state is entered,
and EXIT O the activation occurs when the state is left. Actions are activated
instantaneously when their associated transtions are fired.

The simulation tools of StatSim allow several types of simulations: interactive,

batch, programmed and exhaustive. In the interactive simulation the user specifies at each
step the events that should be triggered thus creating an execution scenario; active states
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are painted on the screen and a system animation is created as the scenario develops. All
stepwise changes of system configuration are logged in a file which can be examined either
on line or printed. Several options support the simulation: the user can query or change
the variables values, clean history, query states and transitions, etc.

StatSim also supports exhaustive simulation which is based on a reachability tree
where all configurations are computed [16]. Several algorithms are available to analyze
statecharts in order to detect deadlocks, configuration reachability, transition usage, valid
sequence of events and reinitiability. Storage and time restrictions may cause difficulties
to analyze some large or complex models and analysis of partial statecharts is a possible
solution which is encouraged by their hierarchical nature.

Programmed Execution with random generation of events [13,17] is discussed in
detail in the remainder of this paper. Batch execution is a very simple form of programmed
execution in our environment: the user devises a scenario through a sequence of events
and StatSim animates it or displays the simulation step by step under the user control.

4. Programmed Execution

Programmed execution is the simulation of a model conducted according to a
previously devised script specified through a control program and with occurrences of
events specified through probabilistic distributions that model their behavior in the real
world. In StatSim the underlying model is a statechart and the control language is ECL.
ECL in fact, is independent of the underlying model.

ECL is composed of three parts. In the first part global parameters of the
simulation are defined, as are the number of simulation steps, the initial configuration,
whether it should be performed stepwise (controlled by the user) or free (the simulation
evolves automatically without user control). The user can specify these parameters in a
ECL source program or fill in a form provided by StatSim. Default values are available
for all global parameters. Figure 2 shows the interface for the example of Figure 1.

The second part of ECL allows declarations of control variables and the
specification of events distribution. Control variables are of type integer and are used
within the simulation program to record certain aspects of the simulation or to make
decisions that affect the simulation flow. One should not confuse them with the statechart
variables that are defined in the statechart and can also be handled inside any ECL
program.
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Ocurrences of external events are specified through the use of probabilistic
distributions: normal, exponential and uniform. They can also be specified to occur at
fixed intervals or to use a linear distribution. It is also possible simply to create a
sequential file containing the desired event sequence. New events, not belonging to the
statechart being simulated, cannot be created.

=
Jf Programed Simulation ! ICMSC — USP : VERSION 1.0
nfiguration ) {Simulation ) ( Miscellaneous v)
LCE - Souce Program: control,
Number of Steps = 100 | = Events B
Simulation Type = Controlled \
Simulation Result = | Wisual | Text I Complete
-] | oprocess  i*
Initial Configuration = © deliver
statechart = CONTROL_PROCESS | deliver2
( Simulate )  ( Edit Source Program )  (_ Return ) BUSYL
I [
{ Show Steps Report ) { Show Statistical Report )
rigger
£ X ¢ ; 9 r
wi=x-l
L .-F
:
,
: deliver?
,
,
L STATECHART EEING SIMULATED : CONTROL_PROCESS 1

Figure 2 -Initial Interface of MEP

The third part of ECL specifies the simulation procedure (or script), basically
defining certain desired states on certain specific steps and what to do when the simulation
reaches those states or steps. A summary of the available commands in ECL is provided in
Table 1. The user is able to program interruptions in the automactic execution of the
statechart and to intervene using the facilities provided by the interactive execution.

Several commands were adapted to our needs from GPSS [11]. It should be noted
that while GPSS is a language that builds a system ®snodel by itself, this is not true for
ECL, as our underlying model is a statechart and the language allows the specification of a
script to drive and to collect data about the statechart simulation. A model is described in
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GPSS as a block diagram in which transactions (temporary entities) flow from a creation
point to an endpoint. This is, in a certain way, similar to the programmed execution.

Table 1 - Summary of ECL Statements

Statement Meaning

AT STEP s1, ..., sn Specify the statements that will be executed at steps s1, ..., sn

ALL STEPS Specify the statements that will be executed at all steps

FOR STEP Specify the statements that will be executed at the steps
determined by the FOR statement

IF Conditional statement

FOR Loop statement

WHILE Loop statement

SHOW_VAR Show the statechart ™ s variables

SHOW_CONTROL_VAR
SHOW_EVENTS
INTERACTIVE
EVENTS(parameters)
AVAIL (parameters)
UNAVAIL (parameters)
MESSAGE
SET_CONFIGURATION

ACTIVE
CONFIGURATION

Show the control = s variables

Show the events triggered at the current step
Return to the interactive simulation

Trigger the events passed as parameters

Make available the events passed as parameters
Make unavailable the events passed as parameter
Print messages/values.

The specified configuration is set as the new statechart™s
configuration.

Verify if the states specified are active.

Verify if the configuration specified is active

StatSim has a Programmed Execution Module (PEM) which comprises facilities to
edit and execute programs written in ECL. During an execution (or simulation) the ECL
interpreter accesses the data base of the statechart being simulated to make consistency
checking. The same simulation procedure used in the interactive simulation is used to

perform the actual simulation.

During a simulation the events generated by the probabilistic functions input to the
interpreter which calls the simulation procedure. This procedure performs the actual
simulation and returns the new configuration. It also handles all changes on the screen and
in the log file. A report that shows the simulation steps is appended with new information
at each step and a statistical report is generated at the end of the execution, based on
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information collected and stored at each step. The user is able to create other reports
based on control variables and the "MESSAGE" command.

5. Model Analysis

The statechart of Figure 1 shows two processors and a single queue with requests
from processors being determined by the event process. If we consider the case that one
of the processors CONTROL_PROCESSOR ONE or CONTROL_PRO-
CESSOR_TWoO is free (either FREE1 or FREEZ2 is active) then either the transition
labeled process[cr(in(FREEL))]/requestl or process[cr(in(FREEZ2))]/request2 will be
fired leading to a configuration where one of the processors is busy (BUSY1 or BUSY?2).

When both processors are busy and process occurs then the transition labeled
process[cr(in(BUSY1) and in(BUSY2))]/x:=x+1 will be fired. When either deliverl or
deliver2 occurs and the queue is empty (x=0), then a transition to FREE1 or FREE2 will
occur. However, if the queue is not empty (x>0) then the processor remains busy and the
queue is decreased by one request, i.e, either the transition labeled
deliverl[cr(x>0)]/x:=x-1 or deliver2[cr(x>0)]/x:=x-1 occurs. Note that both transitions
can occur simultaneously, in which case the queue is decreased by two requests.

We show in Figure 3 two steps of a programmed execution comprising 100 steps
where an error can be devised (the program is not shown, but it is similar to the one
shown in Figure 5). In step 15 the two processors are busy and the queue is empty. The
event deliver2 occurs simultaneously with process and the system changes BUSY?2 to
FREE2 in step 16. Now, the event process causes the transition labeled
process[cr(in(FREE?2))]/request2 to fire, but request2 is lost because we cannot return
to BUSY2 in the orthogonal component CONTROL_PROCESSOR_TWO due to the
statechart’s semantics as a state change has already occurred in this step. Generation of
the events process and deliver2 in this step was the key to uncover this error. The
statechart of Figure 1 is not correct as it cannot handle this case and other similar ones.

We show in Figure 4 a new version of the example shown in Figure 1 with a small
change on its attending policy. A processor request is always imediately granted if at least
one of the processors is free and the queue is empty, otherwise the request is queued.
When the queue is empty and the request arrives at the same time step in which either one
or both processors become free, the request is granted in the next time step.
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Statechart in Sinulation: CONTROL _PROCESS WRONG
Nunber of Simulated Steps: 100

---------------------- Step 15 ememmmmmememeeoeo s
Configuration of Active States:

CONTROL_PROCESS_QUEUE
CONTROL_QUEUE
QUEUE
CONTROL_PROCESSOR_ONE
BUSY1
CONTROL_PROCESSOR_TWO
BUSY2

Events triggered :
I nternal Transictions :
States Turned On
States Turned Of

Vari abl e Current Val ue Aver age Val ue
X 0 0. 0000

y 1 0. 4000

z 1 0. 3333
Messages :

—————————————————————— Step 16 -----cc-mmmmee e

Configuration of Active States:

CONTROL_PROCESS_QUEUE
CONTROL_QUEUE

QUEUE
CONTROL_PROCESSOR_ONE
BUSY1
CONTROL_PROCESSOR_TWD
FREE2
Events triggered . deliver2, process, request 2
Internal Transictions :
States Turned On . FREE2
States Turned Of : BUSY2
Vari abl e Current Val ue Aver age Val ue
X 0 0. 0000
y 1 0. 4375
z 1 0. 3750

Messages :

Figure 3 - Steps Report
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i STATSIM SIMULATION ICMSC — USP: VERSION 1.0 i
{(Files w) (Decompose) (Information w)  (Variables v)  (Default Configuration ) {Simulation v)  (Miscellanecus v)
I l
CONTROL_PROCESS_COUEUE Events
CONTROL _QUELE E COMTROL_PROCESSOR_OME \ S—
4 :
: e =
. lanbdaler G003 1w =x-1 . process |*
i delivert -
i deliverz
processdx=x+l |
deliverl
........................... —_
=
T
LSTHTECHART BEING SIMULATED : CONTROL_PROCESS 1]

Figure 4 - Second Version

5.1. An ECL Program

We show in Figure 5 an ECL program created to simulate the second version of
our solution (Figure 4). We can see that 100 steps are specified from the initial default
configuration. A normal probabilistic distribution with parameters 2.5 and 0.5 was
specified as the distuibution of process.We also use two auxiliary variables y and z, to
indicate when the processors are busy. When a process occurs and the queue is empty, it
is incremented and one of the transitions lambda[cr(x>0)]/x:=x-1 in the two orthogonal
components CONTROL_PROCESSOR_ONE and CONTROL_PROCESSOR_TWO
is nondeterministically fired and the queue remains empty.

The variables y and z are used in the ECL program of Figure 5 to verify if the
processors are busy and, when this is the case, the ECL program schedules an event
deliverl or deliver2 for some steps ahead according to a randomically generated number,
thus simulating the time this processor keeps busy. This program also verifies if the size of
the queue becomes greater than three and prints the step in which this occurred and it also
prints compulsorily this size after any twenty steps.
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G.OBAL PARAMETERS

NUMBER_OF_STEPS = 100
I NI TI AL_CONFI GURATI ON = DEFAULT
SI MULATI ON_RESULT = COVPLETE

DECLARATI ONS
EVENTS process NORVAL(2.5,0.5)
SI MULATI ON

ALL STEPS
BEG N
I F (x>=3) THEN
BEG N
MESSAGE (" Number of process in queue >= 3")
MESSAGE ("QUEUE = ", Xx)
end

IF (y = 1) THEN

BEA N
EVENTS(del i ver1, UNI F(5. 0, 1. 0))
y: =0

END

IF (z = 1) THEN
BEGA N
EVENTS(del i ver2, UNI F(4.0,1.0))
z: =0
END
END

AT STEP 20, 40, 60, 80, 100
BEG N

MESSAGE (" Queue Size = ", x)
END

END_SI MULATI ON

Figure 5 - Source Program in ECL
5.2 - Statistical Report

A statistical report is produced as the result of the programmed execution. Figure
6 shows this report produced by the program in Figure 5, based on the statechart of Figure
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4. The first two lines show the name of the statechart simulated and the number of steps of
the simulation. It then shows information about the basic states, events, transitions and
variables.

STATECHART: CONTROL_PROCESS

NUMBER OF STEPS: 100

STATE PERCENTAGE OF STEPS IN FI NAL AVERAGE NUMBER OF

VWH CH WAS ACTI VE SI TUATI ON  CONSECUTI VE STEPS | N
TH S STATE

QUEUE 100. 00 on 2.5789

FREE1 21.00 of f 0. 3125

BUSY1 79.00 on 4.1333

FREE2 20. 00 of f 0.1765

BUSY2 80. 00 on 3.8125

EVENTS NUMBER OF STEPS I N WH CH PERCENTAGE OF STEPS IN WH CH

TH' S EVENT HAPPENED TH' S EVENT WAS AVAI LABLE

process 38 100. 00

deliverl 15 100. 00

del i ver2 16 100. 00

TRANSI TIONS NUMBER OF STEPS IN NUMBER OF STEPS IN RATE OF
WH CH THIS TRANSITION  WHICH TH S TRANSITION FIRI NG
WAS FI RED WAS EVALUATED SUCCESS

del i ver2 16 16 100. 00

| ambda[ cr (x>0)]/x: =x-1 17 20 85. 00

I ambda[ cr (x>0)]/x: =x-1 16 21 76.19

deliverl 15 15 100. 00

process/ x: =x+1 38 38 100. 00

VARI ABLE AVERAGE VALUE FI NAL VALUE

X 2. 3700 5

y 0. 1600 0

z 0. 1700 0

Figure 6 - Statistical Report

For each state it shows the state " sictivation rate, its final state (on or off) and the
average number of consecutive steps that the system remained in this state. We can see
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that QUEUE was always active and we can learn the average value of busy and idle times
for the processors in this particular model, which are given in the third column. Processor
one, for example, was busy 4.1 steps, in average.

Events are analyzed through the number of times they were generated and through
the number of steps in which they were available. Transitions are analyzed through the
number of times they were fired and evaluated. From these numbers we can obtain the rate
of firing by evaluations. In our example we had 38 requests from processors of which
processor one completed 15 and processor two completed 16. At the end 5 requests were
engueued and two were being attended (final situation of states BUSY1 and BUSY2 were
on).

We also know that the transitions process/x:=x+1, deliverl and deliver2, must be
fired every time they are evaluated, and this in fact happened. Both lambda transitions
must be evaluated at all steps in which the states FREE1 and FREE2 are active and the
condition [x>0] is true.

The statistical report shows the average and the final value of the model variables.
In the example, variable x controls the queue * size and then we have the average number
of processor requests enqueued in each step. These nunbers have no meaning for y and z,
used only as auxiliary variables within the program of Figure 5.

The statistical report provides essential statistical information about the examples
and additional information about the statechart behavior. In examples for which the
statistics are not important we still get a summary of the simulation and many verifications
can be made, a transition which is always relevant and evaluated to true must have been
fired at all steps. We can check, for example, if a transition which is always relevant and
always evaluated to true has been fired at a 100% of the time steps or the internal events
generated by a certain transition were generated the same number of times the transition
was fired.

6 - Concluding Remarks

Execution of a model under randomic conditions complements other forms of
validation as a wide range of scenarios not devised by the user can be generated. We have
shown how this type of simulation can be conducted within the StatSim environment and
how the statistical results can be interpreted and used to validate a model. We have also
shown how to use programmed execution to reveal errors in a model, providing insight
into ways for improving it.
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Generating events based on probabilistic distributions facilitates simulation under
many different situations: changing the distribution parameters or testing different
combinations of distributions. In the example shown, we could simulate a critical situation
increasing the rate of processor request and therefore the queue ® size and also increasing
the duration of processors. Situations in which the queue is almost always empty or in
which a processor is much faster than the other one could also be easily modeled.
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