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Background: UML state machines

( s ) 4 D D

L entry behavior |€vent[guard]/action  gniry behavior J

do_behavior do_behavior
exit behavior \__exit behavior

(Q, X1, X2,q0,V, I, A), where

() is a finite set of states,

2/, is a non-empty finite set of ewvents,

25 is a finite set of actions,

qo € Q is the starting state,

V' is a finite set of mutable global variables,

I is a finite set of guards,

A={\i:q M q'}, is a finite set of transitions



Our approach: Top-level activity diagram
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Our motivation and previous works

Sheng et al. [2019] present a Prolog-based consistency checking for UML class and object diagrams.

Khai et al. [2011] propose a Prolog-based approach for consistency checking of class and sequence
diagrams.

dMens et al. [2020] introduce a technique to improve statechart design by a modular Python library,
Sismic.

dMierlo and Vangheluwe [2019] a present approach for modeling, simulating, testing, and deploying
statecharts.

(dBalasubramanian et al. [2013] introduce Polyglot, a comprehensive framework for analyzing models
described using multiple statechart formalisms.

LE. V. and Samuel [2019] describe a technique to transform hierarchical, concurrent, and history states
into Java code using a design pattern-based methodology.
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Case study: an alarm system
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Alarm ) activate ?J

skip configuring

UML state machine
- ) [tThreshold I= null

re p re S e n ta t I O n bintrv: system startup g active error
shut-off - J k J
/ deactivate [
@‘H'"‘ Entry: system shutdﬂwnﬁ

/ active \

/ Entry: Green LED ON \
Exit: Green LED OFF

\ cancel / Long Beep when (tCurrent >=tThreshold) / Send Notification
/— configuring \ / emergency \

Entry: Echo ‘Configuring Mode’ done v Do: Make Siren Sound

S8 Ee i BT Tl [Tt o (= reading = Exit: Echo ‘Exit Emergency’
tCurrent] e -

L
Eal

set tThreshold / Double Beep Do: Slow blinking

done[tThreshold <= tCurrent] red led after(2m) ®
.—»_—»a ivate
\ / Generate Error / - \_ J \ /

when [inactivity >2m] /
beep skip configuring




Declarative representation




FACT DESCRIPTION

. entry_pseudostate/2entry_pseudostate(7Entry, 7Substate) implies that
MOdeI tra nSfOrmatlon: TSubstate is Lthe largel innerstale whose superstale 5 al-
re ady defined by superstatel(?Superstate, 7Substate).
b T I d I . . exit_pseudostate/2 exit_pseudostate(7Exit, 7Superstate) implies that PExit is
I n Itla eC a ratlve represe ntatlon an exil stale within the superst ale 7Superstate.
superstate/2 superstate(7Superstate, 7Substate) implies that
TSuperstate 5 a composile stale wilh 7Substate being a
nested state.
onentry_action/2 onentry_action(TName, TAction) implies thal TName defines

state/l TAction as an eniry behavior.

onexit _action/2 onexit_action(?Name, TAction) implies that TName defines
1n1t1al/1 TAction as an exil behavior.

do_action/2 do_action(?Name, TProc) implies thal TName defines TProc =
alias/2 a do behavior.

transition/B transition(7Source, 7Destination, TEvent, TGuard,
'Flnal/l TAction) indicates thal while the system is in slale TSource,

should TEvent occur and with 7Guard being true, the sysiem
performs a transilion fo stale TDestination while performing
TAction. All elements of the triple (TEvent, 7Guard, TAction)
are oplional, and the absence of an element is codified as nil.

internal_transition/4
internal _transition(?State, TEvent, TGuard, TActiom)
indicates that while the system is in 78tate, should TEvent oc-
cur and with 7Guard being true, the system performs TAction.
In the Ltriple (7Event, 7Guard, TAction), only 7Guard is
oplional, the absence of which is codified as nil.

event/2 event (TType, TArgument) indicales an evenl where TType
shows event type and TArgument is a lileral.

action/2 action(7Type, TArgument) indicales an aclion where 7Type
shows aclion Lype and TArgument is a lileral.




Model transformation: Event and action types

event/2 action/2

event(?Type, Argument) action(?Type, ?Argument)

—

call
signal

time Action
Event change exec
— types log
types

inactivity
update
_completion




Model transformation of a state machine into a
declarative model: An example

a reading Y - emergency I

Entry: echo ‘system enabled’ Do: make siren sound
Do: read tCurrent reset Exit: echo ‘exit emergency’

when (tCurrent >= tThreshold)/send notification

A

* The clause transition/5 is codified as

transition(?Source, ?Target, P?Event, ?Guard, ?Action).

transition(reading, emergency, event(when, “tCurrent >= tThreshold”), nil,
action(exec, “send notification®)).

transition(emergency, reading, event(call, reset), nil, nil).




Model transformation:
Initial declarative representation

% top level Alarm activate ? reset

state(idle).

state(active). dle ) ?ﬁiﬁﬁﬁﬁimkg) ; error
state(error). LEntry; system startup e
_/

state(final). shut-off deactivate k | :3{:J
initial(idle). (:ﬁ
final (final) . "o entry: system shutdown'|

alias(final, "").

entry_pseudostate(active_skip_config_entry, reading). % active superstate is implied
exit_pseudostate(active_exit, active).

transition(idle, active, event(call, activate), nil, nil).

transition(idle, active_skip_config_entry, event(call, "skip configuring"), nil, nil).
transition(error, active, event(call, reset), nil, nil).

transition(active, idle, event(call, deactivate), nil, nil).

transition(idle, final, event(call, shutoff), nil, nil).

transition(active_exit, error, nil, nil, nil). 7% see exit_pseudostate
onentry_action(idle, action(log, "System Startup")).

onentry_action(final, action(log, "System Shutdown")).




Flattening a UML state machine:
Overview of the algorithm

Pass 1:

Pass 0: Processing Pass 2: Pass 3: Pass 4:

pseudostates, and Full State Post-Processin State Reduction /
entry and do Resolution g Minimization
behaviors

Pre-processing




Alarm ) activate R ?{ reset
Flattened representation: T G

Cal

An exam p I e LEntry: system startup J

shut-off Y - k
deactivate |
@ T Entry: system shutdﬂwnj

/ active \

/ Entry: Green LED ON \
Exit: Green LED OFF

\ cancel / Long Beep when (tCurrent >=tThreshold) / Send Notification
/— configuring \ / emergency \

[

Entry: Echo ‘Configuring Mode’ done A Do: Make Siren Sound

Exit: Echo “Exit Configuring Mode) - [tThreshold > /~ reading N Exit: Echo ‘Exit Emergency’
tCurrent] reset -

o
e

set tThreshold / Double Beep Do: Slow blinking

done[tThreshold <= tCurrent] red led after(2m) ®
.—)_—»3 iva
\ / Generate Error / cet \_ J \ /

when [inactivity >2m]/ é skip configuring
beep




Alarm ) activate R ?{ reset
Flattened representation: . skipconfigurng
idle [tThreshold != nulll Active error

Cal

An exa m ple LEntw:systemstartup 4 k J

shut-off Y -
/ deactivate |
@ T Entry: system shutdﬂwnj

/ active \

/ Entry: Green LED ON \
Exit: GreenLED OFF 3

\ cancel / Long Beep when (tCurrent >=tThreshold) / send notification
/— configuring \ / emergency \

[

Entry: Echo ‘Configuring Mode’ done W

Exit: Echo ‘Exit Configuring Mode| [tThreshold > /’ reading ™
tCurrent] reset Exit: Echo ‘Exit Emergency’ 2

Do: Make Siren Sound 1

o
e

set tThreshold / Double Beep Do: Slow blinking

done[tThreshold <= tCurrent] red led after(2m) ®
.—)_—»3 iva
\ / Generate Error / cet \_ J \ /

when [inactivity >2m]/ é skip configuring
beep




Flattened declarative representation:
An example

transition(activated, s21, event(call, deactivate), nil,

action(log, "ABORT 'Make Siren Sound'")).
transition(s21, s22, nil, nil, action(exec, "echo('Exit Emergency');")).
transition(s22, pre _idle, nil, nil, action(log, "Green LED OFF")).

transition(pre_idle, idle, nil, nil, action(log, "System Startup")).



Model transformation: Flattened
declarative representation

state/1
initial/1
transition/5
event/2
action/2

final/1

stata(idla). state(error) . atata(final).
state(pre_idle). state(configuring). state(reading).
state(active_exit). state(activated). state(afinal).
stata(zs11). state(s12). stata(s21).
state(s22). state(=s31). state(s41).
state(s71). state(=91). statae(=s92).
initial (pre_idle). final(final}.

alias(final, ""J. alias(efinal, ""J.

transition{activated, =11, event{call, reset), nil, action(log, "ABORT ‘Make Siren Sound’")).
transition(sll, =12, nil, nil, action{exec, "echo(’'Exit Emergency’);"}J.

transition(sl2, reading, nil, nil, action(log, "START ’Slow blinking red LED'")).
transition(activated, s21, event{call, deactivate), nil, action(log, "ABORT 'Make Siren Scund’"}).
transition(s21, s22, nil, nil, action{exec, "echo('Exit Emergency’);"}).

transition(configuring, =31, event(timecut, "2:00"), mnil,

action(exec, "echo(’Exit confipguring mede’);")).
transition(s31, active_exit, mnil, nil, action(exec, "beep();")).
transition{configuring, =41, event(call, cancel), nil,

action(exec, "echo(’Exit confipguring mede’);")).
transition(reading, =71, event(call, set)}, nil, action(log, "ABORT ’'Slow blinking red LED'")).
transition(s71l, configuring, nil, nil, action(exec, "echo(’'Configuring mode’');"}).
transition(reading, =91, event(when, "tCurrent >= tThreshold"), mnil,

action(log, "ABORT °*3low blinking red LED"}).
transition(s91, =92, nil, nil, action(exec, "sendNotificatiom();"}J).
transition(s92, activated, nil, nil, action(leg, "START 'Make Siren Sound’")).
transition(idle, final, event{call, shuteff), nil, actien(leg, "System Shutdown"))}.
trangition(activated, afinal, event{after, "2:00"), nil, mnil).
transition(pre_idle, idle, nil, nil, action(log, "System Startup")).
transition{active_exit, error, nil, nil, action(log, "Green LED OFF")}).
transition(configuring, configuring, event(set, tThreshold), nil, action(exec, "doubleBeep();")).
transition(configuring, configuring, event(call, done),

"tThreshold <= tCurrent", action{exec, "generateError();")).
transition(s4l, =12, nil, nil, action(exec, "longBeep();")).
transition(configuring, s12, event(call, done),

"tThreshold > tCurrent", action{exec, "echo(’Exit configuring mode®};"J}).
transition(idle, =12, event(call, "skip configuring"), nil, action{log, "Green LED ON"}).
transition(idle, =71, event(call, activate), nil, action(log, "Green LED ON")).
transition(error, s71, event{call, reset), nil, action(leg, "Greemn LED ON"}).
transition(s22, pre_idle, nil, nil, action(log, "Green LED OFF")).
transition(activated, s11, event{completed, emergency), nil,

action(leg, "STOP 'Make Siren Sound’")).
transition(efinal, s11, mil, nil, action(log, "STOF ’Make Siren Sound’")).
transition{configuring, s22, event(call, deactivate), nil,

action(exec, "echo(’Exit confipguring mede’);")).
transition(reading, =22, event(call, deactivate), nil,

i e - MATIANT 17 mee BT S tedem o emmd T TTIEA Y




Querying




Building a query platform

e exposed interface
e |egal events at a state

e rooted, connectivity
e order, size, degree

e dead ends, infinite loops
e non mutually exclusive guards




Studying the behavior

get_interface(Interface) :-
findall (Event,
(transition(_, _, event(call, Event), _, _) ;

transition(_, _, event(set, Event), _, _)),

EventList),

is_legal(State, Event) :-
transition(State, _, event(_, Event), _, _);

internal _transition(State, event(_, Event), _, _).



Studying quality attributes

order(N):-

order(N) :-
Initial findall(s,
findall( Model F'E/TEZ':d state(s),
State, Length),
(state(State); superstate(_, State)), length(Length, N).
Sotatelist
),

list_to_set(StatelList, States),

length(States, N).



Studying the well-formedness

path(X, Y) :- path(X, Y, [X]).
path(X, Y, V) :- tramsition(X, Y, _, _, _), \+ member(Y, V).

path(X, Y, V) :- tramsition(X, Z, _, _, _),

\+ member(Z, V), path(Z, Y, [ZIV]).

dead_end :-
findall(

State,
\+path(State, final),
L),

L \=1[].



Simulation




Technologies

e Query engine
Pattern matching

Prolog

Iterative code to trace the state machine

Java Maintain the snapshots of variables

e Evaluate scripts in guards, events, actions
Direct manipulation of variables in actions

JavaScript




Simulator architecture: UML component diagram

Simulator \

scenario | _ gT)p| Mediator | | — — —>| Declarative
Executer Model
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I
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Imperative Script - - _> pL
Model Handler

| T

A\

|

| | L———> GraalVM
JavaScript

i Output \ Engine
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Scenario Simulator JPLMediator ScriptHandler Output

B doTransition() |
i executeAction(action)

else Error

| | !
|execute() . | | |
R d E I E I : consult(model) . I : :
e a - Va u a te - Xe C u te CyC e | - acknowledgement I I
| | | |
| | obtaininitState | |
| T | |
e | PN | |
(set current state to initial state) | e g
| de e SYStEMStRtE U |
while (scenario not exhausted) ! l ! |
Loop | 1 | I
_ | 4 ! | |
do [each Line in scenario] | | |
| read() | | |
(read line) ' !
|_.command.arg | | |
. . . , | | !
(transform line into declarative query) Loop | | |
R o | | I
. [whilg triggered transition]
1 f ( evalua-t e qlle 1"}' ) { runQuery(currentState event) I : :
.. quardaction .d?.f:t.inali.qu_ﬁ.t@.tm ' '
(execute query) < . | |
eval(script) | o | [
: | |
(obtain results) Lo e J
} |
|
|
!
|
|
|

end




Simulator design: UML class diagram

Scenarioline
Model -name : String
e - - e . +parseLine() : Matcher
+fatch() I +getCommand() : String
: +getArgument() . Object
.y |
i |
i |
1 |
i |
JPLMediator ScenarioExecuter Scenario
+execute() +fetch()
+obtaininitState(Model model) - String e +consultiModel model) [ _oooo :_} getLines(): ScenarioLine
+runQuery(String query) : List<List=String>=> +checkFTransitions()
+doTransition({String command,
String argument)
+doAction(String action)  f------------ .
: |
| |
| I
W I
I
criptHande |
JavascriptEngine I
I
|
+getEngine() - ScriptEngine V.
Output
T +getQutput()
= +getTimedinfo()
GraalEngine
g +getSnapShot()
+error{String err)
+getEngine() : ScriptEngine +log(Siring log)




A sample scenario and results of simulation

EVENT
EXECUTE
AT
AFTER

OGO =1 DN LA R W D

EVENT call activate
EVENT set tThreshold=30
AFTER “3:00°

EVENT call reset
EXECUTE tCurrent=20
EVENT call done
EXECUTE tCurrent=40
EVENT call deactivate
EVENT call shutoff

simulation

timeld,lineNo,type,arguments
1.1 call "activate"

1.1.transition,"pre_configuring”
1.1.actions,"Green LED ON"

1.1 transition, "configuring”

1.1 actions,"EXEC echo( Configuring mode’);"
2.2 set,"t Threshold=30"

2.2 transition, "configuring”

2.2 actions,"EXEC doubleBeap()."

3.3, transition,"s3"

3.3.actions,"EXEC echo("Exit configuring mode”);"
3.3 transition, "active_exit"

timeld,tThreshold,tCurrent
1,30.3
2303
330,35
4303
35,303
63020
73020
8,30.40
930,40
10,3044

timeld,absoluteTime,duration
timeld abzolute Time duration
1,00l PTOS

2.ull PTOS

3. aull PT3M

4 il PT3M

5,00l PTOS

6,aull PTOS

7.mull PTOS

8 null PTOS

0.aull PTOS

10.0ull PTOS




A sample scenario \cont.:
Visualizing the results through a model of behavior

o 0 o 0 0 0 0 0 0 0 o
o 1 2 3 4 5 & I 8 9 10

timeld:
State: idle  configuring configuring error configuring configuring reading  reading activated idle final
tThreshold: 30 30 30 30 30 30 30 30 30 30 30
tCurrent: 5 5 5 5 5 5 20 20 40 40 40



Conclusion

Provide a powerful tool for analyzing the two aspects of the state
machines.

= Declarative analysis: query platform.
" |[mperative analysis: simulation.

Future work: Expand the model to include contract considerations, and
additional UML features such as history pseudostates and orthogonal
regions.



Thank you:!




A second scenario and results of simulation

timeId, LineNo, type, arguments
1,1,EVENT, call,"skip configuring"

active
1,1,transition,active skip config entry
1,1,action,"Green LED ON" JE"'; :(GSreen tEg SEF
xit: Green
1 EVENT call 'skip configuring' 1,1, transition, reading =
2 EXECUTE tCurrent=0 . . .
' . ' 1,1,action, "START 'Slow blinking red LED""
3 AT '10:00 o
4 EXECUTE tCurrent=50 2 2 EXECUTE. "tCurrent=0" cancel / Long Beep when (tCurrent >= tThreshold) / Send Notification
5 EVENT call reset 3 4 EXECUTE. "t - \L
6 AT '11:00" i o HLULrent=
7 EXECUTE tCurrent=40 4,4,transition,s91 / configuring \ / emergency \
2 f\‘;?g; cil(l)oreset 4,4,action, "ABORT 'Slow blinking red LED'" X " ’
'3:007 o Entry: Echo ‘Configuring Mode’ done . )

10 EXECUTE tCurrent=30 4,4, transition, 592 Exit: Echo ‘Exit Configuring Mode’ hreshold &f' _Make ,Sm?n Sound ,
11 EVENT call reset . o . [tThreshold > / reading \ Exit: Echo ‘Exit Emergency

4,4,action, "EXEC sendNotification();" tCurrent]
12 BVENT call set I . set tThreshold / Double Beep reset
13 EVENT call deactivate 4,4,transition,activated ow blink
14 EVENT call shutoff 4,4,action, "START 'Make Siren Sound'" done[tThreshold <= tCurrent] Do: 50:; d'" Ing

red le
after(2m)
5,5, EVENT, call, reset / Generate Error
@ ——| activated @
5,5,transition, sél \ /

k set

when [inactivity > 2m] / skip configuring

Jul. 10, 2023 11:02:44 P.M. ScenarioExecuter doTransition beep
SEVERE: Error: Number of transitions with true guards is zero!

>

Process finished with exit code O




Contract Consideration




Contract consideration

Assertions on

AeA:gq e[g]/’{P}ﬂ{Q}}q;
actions
: - S ~ 5 5 ~
Orthogonality of entry_behavior |€vent [guard] / action i entry behavior
actions "1/ do_behavior 's do_behavior
\.exit behavior / \__exit behavior /

Global and state
invariant
properties




External transition

abort S.do_behavior r’ S N 4 D ‘\
evaluate S.invariant + global invariant entry_behavior |€vent [guard]/action]  entry pehavior
) ) . do_behavior do_behavior
evaluate S.exit _behavior.pre-condition : . . .
exit behavior _/ \___exit_behavior

execute S.exit_behavior

evaluate S.exit_behavior.post-condition
evaluate global invariant

evaluate action.pre-condition

execute action

evaluate action.post-condition

evaluate global invariant

evaluate D.entry_behavior.pre-condition
execute D.entry_behavior

evaluate D.entry_behavior.post-condition
evaluate D.invariant + global invariant
evaluate D.do_behavior.pre-condition
execute D.do_behavior

evaluate D.invariant + global invariant




Recursive transition — Internal transition

abort do_behavior

evaluate S.invariant + global invariant
evaluate exit_behavior.pre-condition
execute exit_behavior

evaluate exit_behavior.post-condition
evaluate global Invariant

evaluate action.pre-condition

execute action

evaluate action.post-condition

evaluate global invariant

evaluate entry_behavior.pre-condition
execute entry_behavior

evaluate entry_behavior.post-condition
evaluate S.invariant + global invariant
evaluate do_behavior.pre-condition

execute do_behavier

evaluate S.invariant + global invariant

(

S

entry_behavior
do_behavior
exit_behavior

event [guard] / action

abort do_behavior

evaluate S.invariant + global invariant
evaluate action.pre-condition

execute action

evaluate action.post-condition

evaluate S.invariant + global invariant
evaluate do_behavior.pre-condition
execute do_behavior

evaluate S.invariant + global invariant

~

S

~

entry_behavior
do_behavior
exit_behavior

.

event / action

/)




Incorporating contracts in declarative model

assert(?State, ?Invariant)

assert(globalSM, “tThreshold>= 0").
assert(reading, “tThreshold!=null").
assert(emergency, “tThreshold<=tCurrent”).

action(?Type, ?Name, ?Pre-condotion, ?Post-condition)

action(exec, "generateError();", "tThreshold!=0", "tThreshold=40").



From Harel’s statecharts to (UML) state
machines

¢ Originally introduced by Gill (1962) and later proposed by Harel in 1984 as a
significant extension over traditional (deterministic) finite state machines, a
statechart is a formalism to model the dynamic behavior of a component at
any level of abstraction like e.g. an object, a system unit, a use case, or the
entire system itself.

e The Unified Modeling Language adopted Harel’s statecharts in its
specification and extended them.

e A state transition diagram is the visual counterpart of a state machine.



Evolution of state machines

_ extends
UML State Machine > Harel’s Statecharts

JAN

Behavioral Protocol State Machine extends

/\
| |

Non-deterministic Deterministic <

e This study is on the extended statechart model which is part of the OMG UML
specification, referred to in the literature as UML state machine (or UML statechart)

and referred to throughout the presentation as state machine.



Overloaded terminology: An attempt to find order

e A state machine (also: finite-state machine, finite (state)
automaton), is a mathematical model of computation, and it has
two representations:

e Mathematical representation (see next), and
e Visual representation.
e The visual representation is captured by a state transition diagram

(also: State [machine] diagram, statechart [diagram]).
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