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What are I[EC 61131-3 Function Block Diagrams?

» Function Block Diagrams (FBDs)
> FBD = (B,V,E&)

» B := set of blocks

» P := set of variables

= & :=set of edges

= cyclic execution

1) read inputs

2) sequential execution

3) write outputs




What are challenges in real-world applications?

= software engineering

= FBD complexity / comprehensibility
> FBD reusability

» software verification

» formalization

= dynamic analysis




What are Sequentially Constructive Statecharts?

= Sequentially Constructive Statecharts (SCCharts)

= synchronous state chart dialect
= sequentially constructive semantics

= *sctx — diagram

scchart SCChartl {
region {

initial state Se SCChart1

go to S1

state S1 [:::::_——::::i:>>
go to S2 S1
state S2 R e -7

immediate go to SO



What are Sequentially Constructive Statecharts?

= Sequentially Constructive Statecharts (SCCharts)

= synchronous state chart dialect
= sequentially constructive semantics

= *sctx — diagram

scchart SCChart2 {

input bool a SCChart2

input bool b

input bool c
output bool d [:::::_—:::::i:>> a I ]

dataflow { b ~

d = (la)?(b):(b&&c) —
} L uE

}



Why Translation from FBDs to SCCharts?

= chance to improve the pragmatics
= comprehensibility of diagrams
» development time
= analysis of dynamic behavior

» formalization



Approach | - From FBDs to ST to SCCharts

Backward Translation

Translation
N @ :>
CT_NEW F orwar d

Translation




Forward Translation Strategy

Forward
Translation

01| GE1 _OUT := GE(T,PT);

©2| ADD2_OUT := ADD(T,CYCLE);
©3| SEL3_OUT := SEL(GE1_OUT,T,ADD2_OUT);
©4| SEL4 OUT := SEL(IN,SEL3_OUT,FALSE);

5| T_NEW := SEL4 OUT;
06| T := T_NEW;

* st



Forward Translation Strategy

"""""" [ GE | [ SEL | [ SEL |
LT [+ €  SEL[Q !
5 TN | e R e
7 8
: SEL SEL
\_) PTf;T SEL ;T 7777777777
SEL SEL | | .
L CvCLE- a Cmreo—aF
Forward
Translation
01| GE1 _OUT := GE(T,PT);
02| ADD2_OUT := ADD(T,CYCLE);
©3| SEL3 OUT := SEL(GE1_OUT,T,ADD2_OUT);
04| SEL4 OUT := SEL(IN,SEL3_OUT,FALSE);
©5| T_NEW := SEL4 OUT;
06| T := T_NEW;
* st

Translation

true __L SEL7_OUT
false [_ T Q
SEL8 OUT
GE1_OUT
>= Af
PT ] - _t SEL5 OUT
) SEL6_OUT
N ‘; —Ii————ET
pre —
= =
0
—— SEL3_OUT
_1_ tT_NEW
[ f SEL4_OUT
CYCLE— + — ADD2_OUT
01| GE1 OUT = T >= PT
08| ADD2 OUT = T + CYCLE
09| SEL3 OUT = GE1_OUT ? T : ADD2_OUT
10| SEL4 OUT = IN ? SEL3_OUT : false

11| T_NEW = SEL4_OUT

12| T = pre(T_NEW)

* sctx



Backward Translation Strategy

Backward
Translation

@1 T_NEW := SEL(IN, SEL(GE(T,PT),T
ADD(T,CYCLE)),FALSE);
02| T := T_NEW;

* st

)
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Backward Translation Strategy

i IN - - - true _l_
. c [ Q
e CTRUET AT SEL falee L
1
" FALSE —|AF | FALSE-—|
S IN 11—
SEL r DO ——
o PT [_ 1
i _PT+ AT SEL AT I~
AF = [ INT#0-—AF o ET
N——
SEL SEL 1] pre
A c C  SEL{T_NEW | T
AT SEL AT 0 b -
{ CYCLEG— . AF T INT#0-—AF J_ . —L
3 4
CYCLE I LDEW
| = —

Backward
Translation
@1| T _NEW := SEL(IN, SEL(GE(T,PT),T, @1| T _NEW = IN?((T>=PT)?T:
ADD(T,CYCLE)),FALSE); E> (T + CYCLE)):0

@2 T := T_NEW; 02| T = pre(T_NEW)

*.st Translation * SCtx



Approach Il - From FBDs to ST to Quartz to SCCharts

= - Inline Code

SEL—Q :

— < Refactoring Refactoring
T . "TRUES—|AT  SEL AT

e e
. SEL . ELSEL;ET'—'; BaCkward @ TranS|at|on

Translation

P T SEL AT

i

5 6
- — .qrz
ADD c € SELIST_NEW
AT SEL AT
£ CYCLES AF | mTzo ~|AF
2 e

Transformation
Rules

(—

* ., sctx

B

Optimization



ST Inline Refactoring

@1| IF IN THEN //SEL(.)

Backward @2|  IF (T »>= PT) THEN //SEL(.), GE(.)
; , 03| T_NEW := T;
Translation Inline 04| ELSE
Refactoring 05| T NEW := T + CYCLE; //ADD(..)

@1| T_NEW := SEL(IN, SEL(GE(T,PT),T, gsl ELSEND_IF;
ADD(T,CYCLE)),FALSE);

08 T _NEW := 0;
@2| T := T_NEW; e9l END IF- ’
— J
st 10| T := T_NEW;

14



Translating ST to Quartz

» Quartz Models

= textual synchronous language (derived from Esterel)

= synchronous and asynchronous concurrency, explicit modeling of
non-determinism , delayed assignments, ...

= consumption of time must be explicitly programmed

01| loop{
2 if(IN

gBI ' (i-FzT{>— PT) 01| IF IN THEN //SEL(..)

) 02| IF (T >= PT) THEN //SEL(..), GE(..)
04 | T NEW = T; oy ToePn
o else 04| ELSE ’

T NEW = T YCLE; .
33} } - ¥ CYCLE; Translation 05| T NEW := T + CYCLE; //ADD(..)
06 | END_IF;

ot - 07| ELSE
09| T _NEW = 0; 0| el i o
10| next(T) = T_NEW; 0o| END IF; 1= 0;
11| pause; IR
12| } 10| T := T_NEW;

*
*.qu st
15



Quartz Code Refactoring

> |dea

= replace typical statements for imperative languages through
synchronous statements

= chance to improve the readability of the final SCChart

loop{ loop{
S0; immediate abort{
if(cl) loop{
S1; immediate abort{
else loop{ .
if(c2) S0;S3;S4; pause;} \\\\
S2; }when(c2) ; \‘\\ optional
else S0;S2;S4;pause;} \\\\\
S3; }when(cl) ; A
S0;S53;S4;halt;

S4;pause;} S0;S1;S4;pause;}



Translating Quartz to SCCharts

01 S1; nothing; S2;
02 S1; await(a); S2;

Transformation Rule 03

{S1; await(true); S2;} = {S1; pause; S2;} =
03 S1; pause; S2; {;> (-2

04 S1,S2; ... Sn;
05 ST 1S2; I ... Il Sy
06 do S1; while(a); S2;
07 loop S;
08 halt;
09 S1; a=b; S2;

10 S1; a=1; next(b)=a; pause; a=2; S2;
11 abort S1; when(a); S2;

12 immediate abort S1; when(a); S2;



Translating Quartz to SCCharts

01
02
03
04
05
06
07
08
09
10
11
12

S1; nothing; S2;
S1; await(a); S2;
S1; pause; S2;
S1,S2; ... Sn;

ST, 1S2; Il ... Il Sn;

Transformation Rule 07
{do S; while(true);} = {loop S;} =

do S1; while(a); S2;

S = {pause; pause;} ]
loop S; E>
0

S1; a=b; S2;
S1; a=1; next(b)=a; pause; a=2; S2;
abort S1; when(a); S2;

immediate abort S1; when(a); S2;

18



Translating Quartz to SCCharts

01 S1; nothing; S2;

02 S1; await(a); S2;

03 S1; pause; S2;

04 S1,S2; ... Sn;

05 ST I1S2; 1 ... Il Sh

06 do S1; while(a); S2;

Transformation Rule 08

07 loop S; floop pause;} = {halt} =

08 halt; E> e

09 S1; a=b; S2; O»

10 S1; a=1; next(b)=a; pause; a=2; S2;
11 abort S1; when(a); S2;

12 immediate abort S1; when(a); S2;



Translating Quartz to SCCharts

01 S1; nothing; S2;
02 S1; await(a); S2;
03 S1; pause; S2;
04 S1,S2; ... Sn;
05 ST 1S2; I ... Il Sy
06 do S1; while(a); S2;
07 loop S;
08 halt; Transformation Rule 09

{S1; a=b; S2;} =
. —h- . immediate assignment
09 51, a—b, 52, @_----LEE.E___-

10 S1; a=1; next(b)=a; pause; a=2; S2;
11 abort S1; when(a); S2;

12 immediate abort S1; when(a); S2;



Translating Quartz to SCCharts

01 S1; nothing; S2;
02 S1; await(a); S2;
03 S1; pause; S2;
04 S1,S2; ... Sn;
05 ST 1S2; I ... Il Sy
06 do S1; while(a); S2;
07 loop S;
08 halt;
09 S1; a=b; S2;

10 S1; a=1; next(b)=a; pause; a=2; S2;

11 abort S1, When(a); SZ, Transformation Rule 12
{immediate abort S1; when(a); S2;} =
12 immediate abort S1; when(a); S2; @ e



Example




Example

*st...*qrz

01| loop{ //Rule 7

02|
03|
04|
05|
06 |
07|
08|
09|
10|
11|
12|
13|
14|
15]
16|
17|
18|
19|
20|
21|
22|
23] }

immediate abort{ //Rule 12
immediate abort{ //Rule 12
loop{ //Rule 7
Q = false; //Rule 9
ET = T; //Rule 9
T NEW = T + CYCLE; //Rule 9
next(T) = T_NEW; //Rule 10
pause; //Rule 3
¥
}when(T >= PT); //Rule 12
Q = true; //Rule 9
ET = PT; //Rule 9
T_NEW = T; //Rule 9
next(T) = T_NEW; //Rule 10
halt; //Rule 8
}when(!IN); //Rule 12
ET = @; //Rule 9
Q = false; //Rule 9
T_NEW = @; //Rule 9
next(T) = T_NEW; //Rule 10
pause; //Rule 3

23



Example

GE SEL SEL
[d [d SEL
| PT-— { TRUE-—AT  SEL AT
_FALSE-—AF | FALSE-—AF
7
SEL
[ [
[ PT+—|AT  SEL AT
AF | INT#0-—AF
5
SEL SEL
ADD [d [d SEL
AT  SEL AT
L CYCLE AF INT#0°—|AF
2 S| e

T NEW

*st...

*qrz

01| loop{ //Rule 7
02|  immediate abort{ //Rule 12

03| immediate abort{ //Rule 12

04| loop{ //Rule 7

05| Q = false; //Rule 9

06 | ET = T; //Rule 9

07| T NEW = T + CYCLE; //Rule 9
08| next(T) = T_NEW; //Rule 10
09| pause; //Rule 3

10| }

11| Ywhen(T >= PT); //Rule 12

12| Q = true; //Rule 9

13| ET = PT; //Rule 9

T_NEW = T; //Rule 9
next(T) = T_NEW; //Rule 10
halt; //Rule 8

}when(!IN); //Rule 12

ET = 0; //Rule 9

Q = false; //Rule 9

T_NEW = @; //Rule 9

next(T) = T_NEW; //Rule 10

pause; //Rule 3
¥
f — Rule 7
Rule 12 1IN
- IET=0;
Rule 12 Q = false;
T>=PT o TNEW=0 oo o T =Pre(T_NEW)

Rule 7 1 Q =true;

ET =PT;

! gT- =faTI;se; CTNEWST g el TS PrR(TNEW) o o
T_NEW =T + CYCLE e e /
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Optimization

Rule 7

Rule 12

Rule 12

Rule 7

1 Q = false;
ET=T,
T NEW=T+ CYCLE

I T = pre(T_NEW)

T>=PT
1Q = true;
ET=PT;

---I—-EE.VEf.I.p Rule 9 m Rule 8

p--—=-c--= - Rule 9

/T = pre(T_NEW)

25



Optimization

Rule 12 + Rule 3 + Rule 7 + Rule 8

Rule 12 + Rule 7 + Rule 3

= Rule 9 .wb Rule 8

IIN
/ET =0;
IET=T __Q=false
"""""" > Rule 9 N
I T+=CYCLE 3.
! Rule 9
iT>=PT
1/ Q = true;
| ET=PT IT=0
]
A 4
Rule 9
-
Rule 7 )
Rule 12 1IN
_ . [ET=0;
Rule 12 Q = false;
T»=PT T NEW=0 leg et T =Pre(T_NEW)
Rule 7 1 Q =true;
ET=PT;
[ Q = false; T NEW=T
ET=T;
T_NEW =T + CYCLE

26



Optimization

/T = pre(T_NEW)

= Rule 9 —————=——> Rule 8

Rule 12 + Rule 3 + Rule 7 + Rule 8 Rule 12 + Rule 3 + Rule 7 + Rule 8 ;':T_O_
Rule 12 + Rule 7 + Rule 3 liN 2:/ ET += CYCLE __Q=false .
/ET=0; 1: ET>=PT X
IET=T __Q=false / Q = true;
————————— > Rule 9 \ ET =PT
I T += CYCLE v v | |Rule7# [@---c-=soss-es > Rule 9 TET=0
o] Rule 9
I .
iT>=PT
1/ Q = true;
| ET=PT T=0
4
Rule 9
.
Rule 7 1
Rule 12 N
p [ET=0;
Rule 12 Q = false
Ta=pT __TNEW=0 oo IT=pre(T_NEW)
Rule 7 1 Q =true;
ET=PT,
[ Q = false; T NEW=T
ET=T,
JTNEW=T+CYVCLE

27



Summary

= Approach |
» translation from FBDs to ST to SCCharts

» formal data-flow-oriented model

= readability is very similar to FBDs

_ DEBOUNCE
{ DB_TIME- N N
DB_ON
PT - @ l SET1
DB_TIME | DB_FF 5—— OUT
— —_ Qi
S Y Q [ REsET
mie e A ET_OFF

28



Summary

= Approach |
translation from FBDs to ST to SCCharts

|

|

|

formal data-flow-oriented model

readability is very similar to FBDs

out

DEBOUNCE
T_NEW —pre ﬂ T_OLD
CYCLE
IN — —T_NEW
PT ’;
DB_TIME = N
u T_OLD
T_NEW —pre —' | sem _1
CYCLE
Ly RESET——
—T_NEW - " EE—
PT se1
— ET
IN
false —I__,— —Q

29




Summary

= Approach I
» translation from FBDs to ST to Quartz to SCCharts

= formal state-oriented model
= chance to improve the readability

= chance to improve the analysis of dynamic behavior

DEBOUNCE

2:/ET_OFF +=CYCLE 1:ET_OFF >= DB_TIME
| ET_OFF = DB_TIME;
OUT = false

TING

{ DB_TIME-¢

oo v
IN ! IIN
/ET_OFF =0 t1=0
PT  ETET OFF a

1:t1 >= DB_TIME
1 OUT = true

30



Summary

> Next steps
= improve readability of resulted SCCharts
= test applicability for real-world IEC 61131-3 applications

» translate IEC 61131-3 ST models into synchronous models
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