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Context

* Autonomous freight train project: a project of the French IRT Railenium (Technological Research
Institute), involving industrial and academic partners for developing Rail Research and Innovation.

* In the project, complex systems are seen as an interplay of heterogeneous sub-systems, generally critical, in
particular their development process is most often challenging since it could be difficult to verify that
stakeholders needs are satisfied.

» High-level architecture (HLA) of these systems are represented as an interconnected hierarchy of their sub-
systems

* Requirements traceability is a crucial element of any especially for the design of critical complex systems



Problem statement and motivations

* High-level architecture (HLA) models must be aligned with requirements
models.
» The need of a graphical alignment links between HLA models and requirements
models for critical systems.

* Critical complex systems require formal and rigorous reasoning.

» The need of a formalization of these alignment links.

Our objective: Defining graphical and formal alighnments to be
validated by
experts of various domains (railways systems)



Event-B

* A formal method based on set theory and first order logic

* An Event-B model 1s composed of a set of contexts and machines

MACHINE CONTEXT
VARIABLES
Sees SETS
INVARIANTS R CONSTANTS
THEOREMS AXIOMS
VARIANT THEOREMS
EVENTS
Event E = SELECT G(v) THEN S(v) END
with
G(v) : guard

S(v) : substitution
v : state variables and local variables



Event-B refinement process

Variables Sets
sees
ABSTRACT Invariants »| Constants ABSTRACT
MODEL CONTEXT
M Events Properties C
['}
refines refines
Variables Sets
CONCRETE sees C CONCRETE
rari ; - onstants
MODEL Invariants CONTEXT
N D
Events Properties

* Semantics of models and refinements given by proof obligations
* Supported by industrial tools (AtelierB, ProB, Rodin platform ...)



HLA modelling

* Providing an automatic translation from SysML diagrams to Event-B

specifications

* Extending SysML with the refinement and decomposition mechanisms of

Event-B to facilitate a step-by-step design for mastering complexity



The methodology for HLA modelling

High-level architecture
SysML refinement &
BDD State-machine - decomposition
Diagram Diagram

mechanisms

Event-B
Model

Formal

Provers  yjlidation

Model
Checkers




SysML package diagram extensions with refinement and
decomposition mechanisms

HLA_decompose: allows to - Package Diagram
decomposed a package modeling )
a system 1nto a set of packages 1. 0..*
modeling each of its sub-systems sComponento’ Package isrefined Dependency
o 0.1 o 0.1
o | isComposedOf refigeg

@
HILA refines: defined between two packag?es. The refined package contains
the modeling elements of a system. The refining package contains the
modeling elements of its sub-systems to detail the behavior of the parent
package



SysML sequence diagram extension with refinement

SysML sequence
diagram extensiory

A message of a
refining package 1s a
refinement of a
message of the
refined package.

From State-Machine Diagram Package From BDD
meta-model meta-model
2
Transition )
Sequence Diagram Block
eventName: String ? name: String
1 ! 1
Interaction types
isAssociatedTo .
* 1..* 1..* * 0"*
Message sendEve
Occurrence 0.1 1| Message Lifeline covered1..* CombinedFragment
i . . * .
"m name: String name: String 1'c'overedby name: String

Specificatign
name: Striré

0.1 1

JAY

*

before

toAfter

1 after|1

. toBefore,

GeneralOrdering

Refines_Message

coveredBy |1

Refined_Message: Message[1]

t..

InteractionOperand

name: String

Constraint

t..

InteractionConstraint

name: String

)
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lllustration of the SysML extensions

Landing Gear System case study mﬁ\ @ % Aélk
(]

a?) §Ystem in b) Open doors "c) Ex’Fend the" d) Close the
LandingGearSystemLO initial state Landmg Gear doors

Landing Gear System Level 0 J
Abstract Model <Blocks o s
Landing Gear System @ V
(11 (LG is retracted) -
BDD
ExtendsLGS
( Landing Gear System States B i
2] [LG is extended] :
Extended :
H [Dmvmsms
G EktendsLG '
Initialisation / Retracted
_ ~— J
. . Sequence Diagram
State Machine Diagram 9 e
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lllustration of the SysML extensions

LandingGearSystemLO

First Refinement

A
|
 HLA_refines
LandingGearSystemL1 !
& Lan d;?glo‘;:r Setars ( Mechanical SubSystem States \]
K

orderedForExtensionMechanical5s
+1 ¢ + 1 { + 1¢ Initialisation commandspechanical55ForRetraction

Block: Block: Block + 1 commands Extension/Retraction commandsMechahicalSSForExtension
£%] Mechanical SubSystem Digital SubSystem Pilote SubSystem \grderedForRetractionMechanicalSS)
e & —

Landing Gear System Level 11 |

@I pss @ Pilote SubSystem dss : Digital SubSystem mss : Mechanical SubSystem LG : Landing Gear System
oo ,J :
E] alt ,.l H
[ 115 ic retracted| i commandsPiloteSSForExtension _i_ § E 5
H commandsDigitalSSForExtension 1 H H
commandsMechanicalSSForE)é:en-:ion

«Refines_Message»
ExtendslG
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lllustration of the SysML extensions

First Decomposition

HLA_ decompose

LandingGearSystemLO

HLA refines

LandingGearSystemL1

————————————————————————————————————————————————————————————————————————————————————————————————

Pilote SubSystem

Digital SubSystem

Mechanical SubSystem
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Modelling requirements: the SysML/KAQOS approach

SYSTEM TrainControllerL3 CONT

SETS DESTINATIONS; TRAIN_ENGINE STATES; TRAIN STATES;
CONSTANTS progressing, moving, stopped, ...

PROPERTIES

Stakeholder SysML/KAOS
needs Goal Modeling

TRAIN STATES = {progressing, moving, stopped}
END

I EXTRACT FROM THE EVENT-B SPECIFICATION OF SYSML/KAOS REQUIREMENTS MODEL Level 1

(2]

Formalisation

© M ©
ogel- :
: Formal
SysML/KAOS Chec"e"Ver?tgg;ion %mmators
Domain Modeling NValidation
. > REFINEMENT TrainControllerL3
Thecrem REFINES TrainControllerL.2
Provers

SEES TrainControllerL1 CONT, TrainControllerL2 CONT, TrainControllerL3 CONT
VARIABLES trainState, ...

INVARIANTS trainState € TRAIN — TRAIN STATES A ...

INITIALISATION trainState :€ TRAIN — {stopped} Il ...

LA LR R R R R R R RN RN RN

EVENTS
___________________________ \ e
/é "vepassengerswmwmv/ JLevell ProgressTrain ref milestone TransportPassengersToTheDestination =
___________________________ - SELECT trainState(tr) = stopped THEN trainState(tr) := progressing
_______ T TN T S L TRAIN END;
— N N - = = > L 5 Jimoving, ==instance = -
Daﬂ(ponPassengersToTheDestW | Level2 progressing, stopped}) FESTEEESEE Sy PR HARES = oklaett
_______________________________ / StopTrain ref milestone TransportPassengersToTheDestination =
. SELECT trainState(tr) = moving THEN
_____________________ MLS D omain M Od e | trainState(tr) := stopped END
P e — — — — — — — — — — — ——— N
END

- A o 4 Level3 ~
fmgresswn /i Traimtoving /) StopTrain )o{atemnspomﬁon?{ : EXTRACT FROM THE EVENT-B SPECIFICATION OF SYSML/KAOS REQUIREMENTS MODEL Level 2
P

_________________________________________ . FOTSO, Steve Jeffrey Tueno, FRAPPIER, Marc, LALEAU, Regine, et al. Back propagating B system updates
Goal MOdel on SysML/KAOS domain models. In : 2018 23rd International Conference on Engineering of Complex
Computer Systems (ICECCS). IEEE, 2018. p. 160-169.




Aligning HLA with requirements

* Providing graphical alignment links between requirements models

and HLA models

* Providing an automatic translation from graphical alignment links to

Event-B specifications
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Aligning HLA with requirements

1. SysML/KAOS Modeling 2. SysML HLA Modeling

TrainControlSystemL1
Domain Model Goal Model = [fanConolmemt1 )
o |signal:'SignaI| ‘trainMouYement:A.J
1 1 '
«Block» :

<Block> Upda!eSignalToE ‘
w00

SIGNAL STATES \
_ . UpdateSignalToStop J

.———)_.mw y (o)
Initiall -
L

UpdateSignalToGo

MakeTrainProgress

o

MakeTrainStop :

/E

Signal State Machine Diagram

TRAIN_MOUVEMENTS

m MakeTrainProgress =

r IﬁiMakeTrainMove

Initial1

inggfagram Sequence Diagram

Graphical alignment links
between requirements

models and HLA models Automatic translation from
graphical alignment links
to Event-B specifications

3. Alignment

\ 4

[ Event-B ]
Specification 16




Alignment links

SysML/KAOS

requirements
metamodel

Satisfy: allows to define an

alignment link when a

message can satisfy a goal.

Leaf Goal

o

©)

S A i S .

1

1

Dependency

SysML HLA
metamodel

*

t

SD Message

1.*

Milestone Satisfy: is defined when a

o

sequence execution of a set of
messages in a specific order 1s

necessary to satisfy a goal.

CMilestone_Satisfy ’}

@)

AND Satisfy: is defined when a goal
is satisfied by a set of messages, i.e.
the execution of all of them, in any
order, 1s necessary to satisfy the goal.
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lllustration with the Train control system case study: HLA modelling

TrainControlSystemL1
«Block= TrainControlSystemlL1
TrainControlSystem Y )
.1 T | signal : Signal | |trainMouvement s
+ 1 1 i i
QBIO:{» A:f;ck» UpdateSig nalTo@ _ :
— Train MakeTrainProgress !
BDD |
' SIGNAL_STATES R
UpdateSignalToStop
® -G CaoD -
Initial1 ——
o UpdateSignalToGo . | : L__|
UpdateSignalTo$top ' !
H |
Signal State Machine Diagram MakeTralnStop ——
TRAIN_MOUVEMENTS
MakeTrainProgress L |
stoppedtr - v
progressingtr - !
Initial1
MakeTrainStop MakeTrainMove
. =
Train Mouvements State Machine Diagram Sequence Diagram




lllustration of the alighment links

___________________________ -
——————— M ——————————————————————
yns/ponPassengersToTheDesti};m{ | Level2
_______________________________ /
w) e = N— \I
A 4 | Level3
| ng StopTrain dateTransportationSt
tartTrainEngi i | Leveld l
W frogressTrain TrainMoving StopTrain dateTransportationSt G e —— et et s
_________________________________ s
1.« Milestone_Satisfy » 2.« Milestone_Satisfy »
TrainControlSystemL1 |
«=Block= o
ainControlSystemL1 -
. oa signal : Signal |trainMouvement f 8, UpdateSignalToGo SMakeTrainProgres;I
- 1 1 ' '
P i UpdateSignalTofgo 1
% MakeTinprogress |
BDD T

SIGNAL_STATES )

UpdateSignalToStop cee

UpdateSignalTo$top

Signal State Machine Diagram MakeTrainStop

TRAIN_MOUVEMENTS |

MakeTrainProgress

stoppedtr progressingtr

@ =(stop )~ (g0
Initiall '
UpdateSignalToGo : -
H '
:
[ —
.
i
:

Initial1
MakeTrainStop MakeTrainMove r
Train Mouvements State Machine Diagram Sequence Diagram
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Formalization of graphical alignment links

= A refinement relationship between Event-B events from message and leaf goal,

x  The Event-B refinement semantics do not match our alignment semantics,

x  Messages that satisfy a leaf goal can belong to distinct Event-B machines,
* The formalization of SysML/KAOS models and SysML HLA models 1s

performed 1n Event-B,

» A new Event-B machine is built for each alignment link,

» New sets of refinement proof obligations are specified, one for each type of

alignment.
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EVENT-B architecture of the proposed alignment

MACHINEE G M <
REFINES ...
SEES E_G_M CONTEXTS
VARIABLES E_vgl, E vg2, ...
INVARIANTS E_G_M INVARIANTS
INITIALISATION
EVENTS

E LG (E vgl,E vg2) ~ ~ ~ 7
END

SysML/KAOS Event-B specification

—>» Refinement
————— »  Alignment

___________ 1
MACHINE E LG Goal Sagisfaction Interface

REFINESE G M :

SEESE G M CONTEXTS: E A M CONTEXTS

VARIABLESE vgl,E vgl, E val,E va2

INVARIANTS INV_A (E_:Val, E va)) A
Gluing_IN\{ (E vgl, E val)

INITIALISATION I

1
EVENTS I

v <«
E M ref andE LG (E vgl,E vg2, E val)
E M, ref and E LG (E vgl,E vg2, E va2) <

END

Alignment Event-B specification

MACHINEE A M
REFINES ...
SEESE_A_M CONTEXTS
VARIABLES E val, E va2, ...
INVARIANTS E_A_M INVARIANTS
INITIALISATION
EVENTS
E M (Eval) —-777 1
EM(Eva2) - =~ 7
END X

HLA Event-B speciﬁcatién
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Formalization of graphical alignment links: some rules
| souceconcepts | Targetconcepts

Rule Translation of Element Constraint Element Constraint
1 Leaf goal to satisfy LG LG is the leaf goal E_LG_Goal_Satisfaction | E_LG_Goal_Satisfaction_Interface €
E LG E_LG is the event related to nterface MACHINE;
LG E_LG_Goal_Satisfaction_Interface
E_G_M is the Event-B REFINES E_G_M;
machine that contains E_LG E_LG_Goal_Satisfaction_Interface

SEES E_G_M CONTEXTS;

2 Variables involved E_vg;, E_vg;are the variables of E_vg, E_vg;, € VARIABLES
inE_LG i€[1..n] E_G_MinvolvedinE_LG i € [1..n]
3 Messages M; My, ... M, are messages E_M; E_M; E_M; € EVENTS
responsible for the E_M; is the event related to j €[1..p] E_LG_Goal_Satisfaction_Interface
satisfaction of the jE[1..p] message M;; SEES
leaf goal LG E_A_M;is the Event-B E_A_M,;CONTEXTS
machine that contains E_M);
4 Variables involved E_vajx E_va, are the variables E_vaj, E_va;« € VARIABLES
in E_M; events jE€[1..p] involvedin E_M; j €[1..p] INV_A_M(E_va;,, ..., E_va; ) €
ke[l.q] INV_A_M(E_vajq, ...E_va,) keE[l.q] INVARIANTS

is the part of E_A_M;
invariant related to the E_va;
variables



Formalization of graphical alignment links: Proof obligations

*  Gluing invariant are constructed in the machine E LG Goal Satisfaction Interface to links variables of

the HLA EVENT-B machines E_A_M,; to variables of the SYSML/KAOS EVENT-B machine E_G_M.

= Alignment proof obligations:

Let LG be a leaf goal and M1, M2 two messages. Let E LG be the event associated to LGand E M, E M,

the two events associated to M1 and M2. Each event E is of the form:

E =SELECT E Guard THEN E Post.
» Satisfy relationship. Assume that LG is satisfied by M1, then:
E M, refE LG
where ref 1s the standard EVENT-B refinement.

This proof obligation ensures that the execution of E. M, implies the satisfaction of E LG.
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Formalization of graphical alignment links: And_Satisfy alignment

= And_Satisfy relationship. Assume that LG is satisfied by M1 and M2, then:
E M, ref and E LG
E M, ref and E LG
= New proof obligations are generated:
E M, Guard = E LG Guard
E M, Guard = E LG Guard
(E M, Post A\E M, Post)=> E LG Post
» These proof obligations ensure firstly that E M; Guard and E. M, Guard should never contradict
E LG Guard and secondly the execution of E M, and E M, without any specific order implies

the satisfaction of E_LG.
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Formalization of graphical alignment links: Milestone_Satisfy
alignment

= Milestone Satisfy relationship. Assume that LG is satisfied by the sequential execution of M1 and M2,
then:
E M, ref milestone E LG
E M, ref milestone E LG
= New proof obligations are generated:
E M, Guard = E LG Guard
E M, Post= EM, Guard
E M, Post= E LG Post
» These proof obligations ensure firstly that E M; Guard should never contradict E LG Guard.
Secondly the scheduling constraint should be respected with E M, Post implies E M, Guard and
finally the execution of E M, followed by the execution of E M, implies the satisfaction of E LG
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lllustration of the formalization the alignment links

N\
|

y | Level3
StOPTram/ dateTransportationSt |
/

~
1.« Milestone_Satisfy » ,/ N

4 ~
/ \\
’ AN

s 2« Milestone_Satisfy »

REFINEMENT TrainControllerL3
Refines TrainControllerL2

SEES TrainControllerL1_CONT, TrainControllerL2_CONT, TrainControllerL3_CONT

VARIABLES trainState, ...
EVENTS
ProgressTrain ref _milestone TransportPassengersToTheDestination =

SELECT trainState (tr) = stopped THEN trainState (tr) := progressing
END;

END

8 UpdateSignalToGo

&)
E‘»MakeTrainProgress—‘

EXTRACT FROM THE EVENT-B SPECIFICATION OF SYSML/KAQOS
REQUIREMENTS MODEL Level 2

REFINEMENT TrainControlSystemL1

REFINES TrainControlSystemLO

SEES TrainControlSystemL1_CONT, TrainControlSystemLO_CONT
VARIABLES signalState , trainMouvementState

EVENTS

UpdateSignalToGo =

SELECT signalState = stop A trainMouvementState ( train )= stoppedtr THEN signalState := go END ;

MakeTrainProgress =
SELECT signalState = go A trainMouvementState ( train )= stoppedtr THEN

trainMouvementState (train ):= progressingtr END :

END

EXTRACT FROM THE EVENT-B SPECIFICATION OF HLA

ProgressTrain Goal Satisfaction Interface
TrainControllerL3

TrainControllerL1 CONT, TrainControllerL2 CONT ) TrainControllerL3 CONT, TrainControlSystemL1 CONT

VARIABLES ..., trainState, signalState, trainMouvementState

INVARIANTS

signalState € SIGNAL STATES A trainMouvementState € TRAINS - TRAIN MOUVEMENTS

A (trainViouvementstate TRAING] =[stoppedtr; = trainstate] 1RAIN]=[stopped]] \\eluing invariant

A (trainMouvementState[TRAINS] ={progressingtr} = trainState[TRAIN]={progressing}) \\gluing invariant
A (trainMouvementState[TRAINS] ={movingtr} = trainState[TRAIN]={moving}) \\gluing invariant
INITIALISATION

signalState :€ {stop} ||

trainState, trainMouvementState : ((trainState € TRAIN = {stopped}) A (trainMouvementState :€ TRAINS =
{stoppedtr})

A (trainMouvementState[TRAINS] ={stoppedtr} = trainState[TRAIN]={stopped})

A (trainMouvementState[TRAINS] ={progressingtr} = trainState[TRAIN]={progressing})

A (trainMouvementState[TRAINS] ={movingtr} = trainState[TRAIN]={moving}) )

EVENTS

ppdateS|gnaITch'Iref_miIestone ProgressTrain
SELECT signalState = stop A trainMouvementState(train)=stoppedtr A trainState(tr)=stopped THEN
signalState := go END;

|MakeTrainProgressllref_milestone ProgressTrain

SELECT signalState = go A trainMouvementState(train)=stoppedtr THEN
trainMouvementState(train):=progressingtr || trainState(tr):=progressing END
END

EVENT-B FORMALIZATION OF THE GOAL PROGRESSTRAIN ALIGNMENT LINK




Conclusion

* A model-based approach to align complex systems HLA models with
SYSML/KAOS requirements models:

 Graphical to specify the alignment of a leaf goal with HLA elements
responsible for its satisfaction,

* Formal to verify the alignment links in Event-B.

* Aset of transformation rules to translate graphical alignment links into Event-B

specifications
* Event-B specifications are formally analysed and proved using AtelierB

* Atool has been developed using QVT



Future work

* Propagating the impact of updates on requirements models and/or HLA

models on other models and on established alignment links.

* Integrating security and safety properties specification and traceability down to Event-B

models (new on-going PhD)

 Formal definition of our metamodels and verification of the translation rules. This could be

carried out by using EB4EB.



Thanks for your attention

Questions ???
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