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N Synthesizir?g Manually
Verifiable Code for SCCharts

¥ _J'IL

Steven Smyth?, Christian Motika?, and

Reinhard von Hanxleden?

1) Real-Time and Embedded Systems Group, Kiel University, Kiel, Germany
2) Lufthansa Technik AG, Hamburg
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Development Assurance Level (DAL)

Level of rigor w.r.t. development assurance tasks
(defined during safety assessment)

Severity
Level of Failure Tolergble Padbability

el S
f—

= <

Major Pain / hurt “)N-5
Cabin Lighting_ —

D Minor » Discomfort -J"N-3

Reading Light




Aerospace Software
Statemachines in DAL-B/DAL-C Software

AO

input bool A

i i tput bool O = fal
e Statemachines used in output boo alse

[' =
specification, SW requirement e""A> AfO=true
and/or SW design phase

* Code automatically synthesized

—> Manual verification required

Wi




Aerospace Software
GOAL: Ease Manual Verification Steps

System Specification

AO

input bool A
output bool O = false

SW Requirements - A/ O = true
wA » dA

SW Design Code Gen

Verify

Code &

void regiconR0O statewlh

ACTIVITIES Implementatlon iContextR0 #context) {
. ;e . S% Transition O0: to =tate da
Verlflcatlon: * Trigger/Effects: &2 F 0 = 1 #f
R . . if [(context->delavedEnabled)] {

EVIEWS Blnary if (context->io->4) |
Walkthroughs context->io-»0 = 1;

. ExeCUtabIe context-ractiveState = di:;
Inspections }



Goal: Generate Statecharts Code
that is Manually Verifiable

Outline:

1. SCCharts

2. State-based code generation
3. User Study

Compile
vold regionR0 =tatewh
(ContextR0O *context)] {
AO n 9: to state da
input bool A * Triggexr,/Effects: & / © = 1 =,
output bool O = false if (context->delayedEnabled) {
if (context->io-—->*&) {

[_ - context->io->0 = 1;
WA AIO true > dA } context-ractiveState = di;

Verify
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SCCharts Intro



Statechart Dialects
¥ i

Y Harel Statecharts - “an almost
.S‘EET'G V44 {
synchronous language” (‘80)

CITIZEN

EEDR

I2:3l“.!'|

Harel
Statecharts: A Visual Formalism for Complex Systems

keyboard ~
- dara '“a‘"-'“’"’ai . ,.um.,l‘::‘“""-““"*“’) UML State Machines
{ANY—KEYJ CAPS_iLOCK i *NUM-KEYJ NUM_LOCK ( 19 7) - ”- ..d .. Vd ri ant Of
/{ANY_KET:lpS IOCK£ CAPS_r.OiK : K‘NUM_KE"(' armwsl NUM_L'OiK H a rel State C h a rt J)
C - Jir o C )

_/

. Y e SCADE Safe State Machines /
o e [ SyncCharts (“95)

wif

suspension _>2 weak abortion P ,
~_ E Charles André
b — priority SyncCharts: A Visual Representation of Reactive
/h normal termination .
Behaviors



SCCharts (‘13)

* Successor of SyncCharts
Sequentially Constructive Model of Computation

Reinhard von Hanxleden, Bjérn Duderstadt, Christian Motika, Steven Smyth, Michael Mendler,

. Joaquin Aguado, Stephen Mercer, Owen O’Brien.
SCCharts: Sequentially Constructive Statecharts for Safety-Critical Applications.

PLDI'14, Edinburgh, UK, June 2014. ACM.

* Collaborations: w3y AUCKLAND v NATIONAL
e ’ INSTRUMENTS

80
|
f
aTTO.x
TTn ’Q?_ s
o
2%
i
il
&o
-
FgpWd®

UNIVERSITAT BAMBERG

Deutsche

“"  SCHEIDTsBACHMANN (8B, DFG i

* In Eclipse: KIELER
* |nthe browser: KEITH

The Key to Efficient Modeling



AO SCChart

Interface St?te
\ AO
input bool A
output bool O = false

Initial State Trigger / Effect Transition

Hierarchy, Concurrency, Signals, ...

11



” Priorities + I\/Iacros

? State machlne pattern

X _: :

W




SCCharts defined/compiled ... .

Initialization
Connector

e Count Delay b '-':‘:: J - Entry/During/Exit
° 2 - alt 1y ®a actions
° History transition | ) L - Deferred transition
Conditional (): J : 2 D"f"; Strong abort
termination \\—//
Pre-Operator

Complex final
state Weak abort

Extended SCCharts oo

Local declaration

Region ID

Transition trigger/ — G Superstate
effect S e oot toc
i1y g e ﬂ Anonymous

Initial state — .. ocal_ a2} simple state
- e -

) [ ——~ mes
Core SCCharts o===0L |
= v
Region Trigger Effect Superstate State
Normalized Core SCCharts & 7 . .. ;
;
iy A A A
SCL/SCG -
Thread Conditional Assignment Concurrency  Delay
scL t if ( N | ¥ foin pause

Centy v Tork : [surace ]
SC G true — h
Jepth
C et D | R

14



Dataflow Synthesis

Thread | Conditional | ASSI9M- Concurrency | Delay
ment
SCL |t if (c) s1elsesz2 |[x=¢€ fork t1 par tzjoin |pause
SCG X=e
@ ¢ v %

Data- d = Gexit g= ngﬂ Qjoin = (di V m1) Qsurf = ng

g=Vgn
Flow m= = Qirue= gAC s S A (d2V mp) Jdepth =
Code V surfe t Gsurf | Qrase= g A —C = gre.x A (d1 V dz pre (qurf)
‘ >D —} el | 2 ﬂjﬁ}l
Circuits . ;DF : ; " sz G| fr
g }g*’”"' g j_

15



Priority-Based Synthesis

More software-like

Don't emulate control flow with guards/basic
blocks, but with program counters/threads

Priority-based thread dispatching

SCLp: SCL + PriolDs

In C: implemented as macros, using
computed gotos

In Java: no macros, no gotos;
use while + break to emulate gotos

Already more readable than dataflow/circuit
synthesis, but model structure still lost

16



Priority-Based Synthesis

THREAD STATES
[-]
Enabled

[-]
= G
Disabled e
fork tic pause

Inactive

17



ABO

Entrylnit

/ 01 = false; 02 = false
|

input output bool A, B
output bool 01, 02

) J
WaitAB
HandleA
— A /B =true; 01 =true =
HandleB

/ 01 = false; 02 = true
[

Priority
Based on data
dependencies

-

1 02 = false 2

1 01 = false 2K

PriolD
Based on Priority &

ThreadID, must be
run-time unique

ThreadID: 2
HandleA

1 01 =true 2

ThreadID: 1

HandleB

—= Do

0 01 = false 1

v

0 02 =true 1

18



Now: State-Based Synthesis

typedef enum { r"‘t:,|.";'1'ta'|j.t=_'1:- Str'uct { fA

_ ' typedef enum { typedef struct {
TERMINATED, char I; //input Example 5@, // initial ThreadStatus threadStatus;
RUNNING, char I2; //input ? 52, StateR@ activeState;
READY, char 0; //output _!Tnput bl DI ol ll’ Elz Eﬁg ] 51 // final char delayedEnabled;
PAUSING char 02; //output| - — . } StateR@; int activePriority;
} ThreadStatus; } 10;

| I0* io;
@ ® } ContextRe;
void regionR@ stateSe(ContextRe *context);
LY void regionR8_stateS2(ContextR@ *context);
id regionR@ stateS1(ContextRO *context);
‘ 2: 1:1/0=true-- i & ;
I void regionR8(ContextR@ *context);
typedef struct {

ThreadStatus threadStatus; typedef enum { typedef struct {

int activePriority; Te, // initial Threadstatus threadStatus;
ContextR0 contextRO; T1 // final StateR1l activeState;
ContextR1 contextR1; } StateR1; char delayedEnabled;

|0 io; int activePriority;

} ContextRoot; I0* io;

} ContextR1;
3 * i
vO}g ::s:téﬂczte;;kozt* co:te:t?’ R void regionRl_stateTe(ContextR1l *context);
s ckfContextRag: Scontexc); | void regionRl_stateTl(ContextR1l *context);
void stateExample(ContextRoot *context); . ! | void reglonRi{ContextRl *context);

A: Interface - Env. calls reset() & tick()
- ThreadStatus:

PAUSING

C: Region RO
D: Region R1

RUNNING

TERMINATED

All regions and the root have a context struct

Data dependency (green dashed arrow) 5y



Hierarchical Call Tree

[ tick J—)[ rootState:

stateTO

—)[ regionR1

Example

input bool |, 12
output bool O, 02

RO

p o)
s

Je
0

]
1: 1/ O = true oJlo
I

N & N
NS

2 1
|
|

Ox

1
12/02=true |

&

-)( regionR0O

rootState:

2]
—4
QO
—
®
90
N
\ 7 \ & S . > " = " >y

—>[ stateS1

stateExample()

23



State Machine Pattern |

void regionR@(ContextRO *context) {
/* Cycle through the states of the region as long as this thread
* is set to RUNNING. */
while(context->threadStatus == RUNNING) {

switch(context->activeState) { Example
case S@: input bool I, 12
. output bool O, 02
regionR@ stateSe(context); - R
break;

©
©

~

. |
case S2: 1:1/0=true  0O]|O

Z 2

regionR@_stateS2(context); { !
break; S2 :

1

—

case S51: 12/02=true |

regionRe_stateSl(context); -

break;
}
}
} * Respect naming

e Automated comments
e Hierarchical hide details in functions

24



State Machine Pattern Il

e State functions include
outgoing transitions

* Trigger/effects naming

* Transition priorities -> Order

void regionR@_stateSe(ContextR@ *context) {
/* Transition ©: immediate to final state S1
*  Trigger/Effects: I / 0 =1 */

if (context->io->I) {
context->io->0 = 1;

context->activeState = S1;
context->delayedEnabled = @;

} else if (context->delayedEnabled) {
/* Transition 1: delayed to state S2
¥  This is the default transition, the trigger is always

context->activeState = S2;
context->delayedEnabled = @;

} else {

// Wait for next tick if no transition was taken.

context->threadStatus

PAUSING;

Example

input bool |, 12
output bool O, O2

RO

o)
—

©
©

~

1
1: 1/ O = true oJlo

2: 2
‘ 1
I
I |
|
I2f02=truei

4

04

true. */

25



Priority-Based State Machines

Transform away extended SCChart features
Transform core SCChart down to SCG

1

2

3. Schedule, at SCG node granularity
4. Try to recover SCChart structure

5

Translate to C/Java

Surface / Depth SCG Dependency V2 Priorities

—> —> —>

SCCharts De-Conditionalize De-Surface / Depth De-ImmediateDela De-Trigger / Effect State-based C Code
L) —> —> ¢ —> N S il —>

* Pro: Can handle arbitrary (static) schedules
* Con: May loose some of original structure/naming

26



,Lean” State Machines

1. Transform away extended SCChart features
form core SCChart down to
3. Schedule, at
recover SCChart structurée
5. Translate to C/Java

ranularity

27



—> —>

,Lean” State Machines

1. Transform away extended SCChart features
2. Schedule, at SCChart-region granularity
3. Translate to C/Java

Extonded SCCharts Region Dependencies Region Dependency Sort State-based C Code (Lean)

—> —>>

* Pro: Compact code, close to original model

e Con: Cannot handle back-and-forth
communication

28






Part Il
User Study



Study Goal & Setup

Increase readability of SM code

Assumption™ : Increased readability essential eases
manual verification step

(* to be validated in future work)

e Compare SM code generation to multiple other
approaches (netlist & priority)
 Compare versions with and without auto generated

comments

Generated code

..g0=_GO;
if(g0){ 0 =0; }

g2 =(PRE_g1);

_cg2=A;

g1 =(g0| | (g2&&(!(_cg2))));
g3 =(g2&&_cg2);

if(g3){ 0= 1;} Reverse
g5 =(PRE_g4); .

g4 =(g3| |g5); ... engineer

(task)

2

* Confidence

Reverse eng.
* Time

SCChart

AO AO

output bool O = false
@ o

Rate functionality Original
and appearance SCChart

2

input bool A
output bool O = false

[l A/ O =true
@ o

31



All based

Study

on similar SCCharts

Example
input bool |, 12
output bool O, 02
0 R1
2: 1:1/0=true 0]|o2
i
| 1
1
12/02 = true
1
’

B TextPad - DA\Studium_SVN\research\paper'rebls\v\01\Waitll... | — || &

(=~ S B AN =

& B2 @) o o

Find incrementally

B TextPad - DA\ Studium_SVMyresearchipaperrebls\vd\02\Waitl.c | = || =
NwEHBSRE|L BBl

Find incrementally

@ TextPad - D:\Studium_SVN\researchipaperireblsiv\03\WaitB.c| = || &
D=HEH B2 EBE| 4 8BB| 2

L Find incrementally

Eile Edit Search View Tools Macres Configure Window Help : File Edit GSearch View Tools Macros Configure Window Help File Edit Search View Tools Macros Configure Window Help
5 “Waitll.c * X | i) T Waitle X | v X WaitB.c X | * X
|| voia logic(TickData* d) T‘ || voia logic (TickData *tickData) f | f

d—>_cc_:r1 = d->I; 3 wvoid region:—landlel_statelo[I—landleI_Context #threadCo
d-> g5 = d-> pg2; while (tickData-active) char delayedIransitionsEnabled = threadContext->ti
d-» cg5 = d->I; switch (getState (tickData))
d-> g2 = d-> G0 &£& d-> cgl || d-> g3 &£& d-> cg5; Wl if (threadContext-»interface->F)
if {d-> g2) case WaitIZEntry: threadContext->interface->G = 1;

d-»>0 = 1; fork(tickData, HandleT, 1) E threadContext->activeState = I1;
3 gotoB (tickData, HandleS):; else if (delayedTransitionsEnabled)
d-> g7 = d->_pg5; break; threadContext-ractiveState = I2;
d->» eg7 = d->I2; threadContext->tickStartState = HCONEL;
d-> g8 = d-> g7 && d-> cg7: case HandleS:
if {(d-> g8) { if (tickData->I)

d-»>02 = 1; gotoB (tickData, _L 3);
3 else void regionHandlel statell(Handlel Context *threadCo
d-> g8 d-> g2 || d-> g8; gotoB (tickData, _L 3): char delayedIransitionsEnabled = threadContexXt->ti
d—>_c_52 = d—)_GO LE ‘d—>_cg'J., = 3
d-> g5 = d-> g5 && !d-> cg5 || d-> g7 && break; if (delayedTransitionsEnabled && threadContexXt->in
d-> g7 d-> pgl0; threadContext->interface-»>G = 1;
d-> egll = 4->0 || d4->02; case _L 3: threadContext->activeState = Il;
d-> gl0 d-> GO || d-> g7 &£& !'d-> cgll; tickData->0 = 1; threadContext->tickStartState = HONEL;
d->» gll = d-» g7 && d-> cgll; 3
d-> g3 el = !({d-> g2 || d-> g5): case _L 4: else
d-» gl2 e2 = ld-> glO; termB (tickData) ; { =1
d->» g3 el = (d->» g3 el || d-> g8) && break; threadContext->threadStatus = PRUSING;

{d-> gl2 e2 || d-> gll) && (d->

d-> TEEM = d-> g3 _el; case L 5:

¥ il pauseb (tickData, _L 6); £ il
J ‘ m b J 4 TR 0 b J i P SSSElE s e
For Help, press F1 49| 20| Read | Owr | Block | Sync Rec| Caps 1 1| Read Owr! Block | Sync Rec| Caps 1 1 | Read Owr! Block | Sync Rec| Caps

Netlist

Priority

State-based




Study Results |

State 11 H= State |l Hé
State | NS State | N
Prio I Prio INESSSS
Netlist W Netlist S
0 é 1l0 1I5 20 1 2 3 4 5
Time Confidence

Experiments aborted after 20 Minutes
State | and Il, two groups get first commented or non-

commented version

State-based: Significantly better in time AND confidence

33



Study Results Il

State w/ H& State w/ AI=I
State w/o T State W/0 |y
Prio I Prio |y
Netlist -|= Netlist _—— |
0 012 Oj4 0.6 0.8 1 {I) DI.Z 04 0.6 0.8 1
Functional correctness Appearing correctness

Comments helped to increase functional and appearance
correctness

Prio has advantage over netlist-based approach
State-based: Significantly better in both categories

34



Study Results Il

, | | | |
Hier- ‘

archy *
’ State-based
oro | o b
m Prio
ABO ] Netlllst
0 0.5 1 1.5 2 2.5

Tick execution time

e Study how benefits affect the execution time
* Result: Affected, but limited / reasonable
weakness (trade-off)

-> Future Work

35



To Go Further

Statemachine-Based Compilation (this presentation)

Christian Motika, Steven Smyth and Reinhard von Hanxleden. Synthesizing Manually Verifiable Code for Statecharts. Reactive and Event-based
Languages & Systems (REBLS ‘18), Boston, Nov. 2018.

SCCharts Overview

Reinhard von Hanxleden, Bjorn Duderstadt, Christian Motika, Steven Smyth, Michael Mendler, Joaquin Aguado, Stephen Mercer, Owen O’Brien.
SCCharts: Sequentially Constructive Statecharts for Safety-Critical Applications.
Proc. ACM SIGPLAN Conference on Programming Language Design and Implementation (PLDI’14), Edinburgh, UK, June 2014. ACM.

Interactive Model-based Compilation

- Christian Motika, Steven Smyth and Reinhard von Hanxleden. Compiling SCCharts — A case-study on interactive model-based compilation. 1SOLA
2014, Corfu, Greece, October 2014
- Christian Motika. SCCharts — Language and Interactive Incremental Compilation. PhD Thesis, Kiel University, December 2017

SCCharts Netlist-based Compilation

Steven Smyth, Christian Motika and Reinhard von Hanxleden. A Data-Flow Approach for Compiling the Sequentially Constructive Language (SCL).
18. Kolloquium Programmiersprachen und Grundlagen der Programmierung (KPS 2015), Pértschach, Austria, 5-7 October 2015

OO0 SCCharts

Alexander Schulz-Rosengarten, Steven Smyth and Michael Mendler. Towards Object-Oriented Modeling in SCCharts. Forum on Specification
and Design Languages (FDL 2019), Southampton, Sep. 2019

Timed SCCharts

Alexander Schulz-Rosengarten, Reinhard von Hanxleden, Frédéric Mallet, Robert de Simone and Julien Deantoni. Timed SCCharts. Forum
on Specification and Design Languages (FDL 2018), Verona, Sep. 2018

Hardware Synthesis

Francesca Rybicki, Steven Smyth, Christian Motika, Alexander Schulz-Rosengarten and Reinhard von Hanxleden. Interactive Model-Based
Compilation Continued — Interactive Incremental Hardware Synthesis for SCCharts. Proceedings of the 7th International Symposium on Leveraging
Applications of Formal Methods, Verification and Validation (ISoLA 2016), LNCS, 2016.

Underlying Sequentially Constructive Model of Computation

Reinhard von Hanxleden, Michael Mendler, Joaquin Aguado, Bjorn Duderstadt, Insa Fuhrmann, Christian Motika, Stephen Mercer, Owen O’Brien,
Partha Roop. Sequentially Constructive Concurrency—A Conservative Extension of the Synchronous Model of Computation. ACM Transactions on
Embedded Computing Systems, Special Issue on Applications of Concurrency to System Design, 13(4s):144:1-144:26, July 2014. 36



State-based approach: S umma ry

* Synthesized code preserves structure of model
* Trade-off between code simplicity and generality
Usedi In agrospace and rallway o‘ am




