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Mental means: 18- 21, 2016
* engineering judgment
Computer-aided means: e

* simulation

formal verification (e.g.
numerical or statistical
model checking)

e

Unit Integration, Test and
Verification

www.incose.org/symp2016



Example @X
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+ Secondary flight control system (SFCS) allows modifying the wing geometry 26 JINCPS,E

+ System is composed of spoilers, flaps, slats, electrical motors and actuators Edinburgh, UK

on each wing
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Example

« “The torque of any electrical motor shall not be greater than 20 Nm for
more than 1 sec.”

« “The time of any action of flaps actuation (extension/retraction) shall be
less than 50 sec.”.

« “The flap angle shall not exceed the range
[-5°:35°T".

« “The force between a flap and its spoiler shall be less than 1000N”.

www.incose.org/symp2016

\

26 nu INCOSE

Edlnburgh UK
July 21, 201



Requirements —

Requirements Analysis
System Design

SIMULATE

<\ MathWorks  Simulink

Introduction

0 3
Al &
Tree T

e
- [
O o
G e

fl=ie
-
u e [
b @ Te2: Fai Not spproves
e [y
e fey—
P T —

laeuroment st @z
6 Requirema @ foye—

Design
E=nE=n=]

,,,,,,,,,,,,

R B e s [oonn | ST e o [

i g
(FeE K SR NN =

D?S ssAauLt Dymola

STEMES

www.incose.org/symp2016

s

26 ' /INcosE

Natural-language Sy B 2015
statements ®
<«
\
\
Model-based \
&y verification of \
designs against I
requirements I’
/
/
_ 7/
Executable

design models ©



Traditional way o

Natural language 26 INCOSE
requirement statements Edinburgh, UK
x July 18 - 21, 2016
“With torque > 0 Nm, the Tester —— requirement_32_1.outboardValue [deg] requirement_32_1.outboardCommand
totrquehoflan{ilectricatl Interpret « Write test case including d Simulate/ 20
motor shall not be greater : — |
than 20 Nm for more than pass/fail criteria (verdict) = _d test e /\ } |
1sec > EC b > \Va —
== — N 1 L/
| fp— -20 : : . : T T T T :
e 0 100 200 300 400 500
Test Cases

Test/simulatiorw results

A

satisfaction status of individual requirement

Test report

Tester
LS I
Interpret results, conclude on the violation/

* Interpreting NL statements and simulation results is an error-prone and tedious tasks
» Test case pass/fail depend/focus on requirements
» Test case pass/fail result requires interpretation for concluding on individual req. status
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New approach

» Each requirement is formalized into a violation monitor model that detects
requirement violations at any simulated time

1...n inputs
(depend on the
requirement
statement)

w 1 output = Verdict:

Satisfied, Violated

» Verification scenario model has no pass/fail verdict

 1...noutputs
Verification ./ for stimulating the

Scenario system design
model
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New approach f:f\
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* Re-use: Requirement violation monitor models 26 'NCOSE
— Can be used for verifying any relevant design alternative/version using any Edinburgh, UK
appropriate scenario, either in simulations or HiL testing '
— Verdict output enables automatic conclusion on verification status
* Focus: Scenarios focus on covering relevant operational situations (e.g., normal
operation, degraded mode, stress situations, etc.)
« Coverage: Same scenarios will be used for testing multiple requirements -
requirements will be tested using different scenarios
(dep;le.h.c? (I)r:ﬁptuf:: W 1 output = Verdict: Verification \, ;OFStrI]I‘:ljgilunt; the
requirement Satisfied. Violated Scenario system design
statement) ’ model
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Model-Based Design Verification Method

virtual Verification of Designs against Requirements (VVDR)
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Requirement
Analyst
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System
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Formalize
Designs

Tester %

Formalize
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Tester,
all

Create Verification
Models

Tester %

Execute and
Create Report

System )
Designer,
all

Analyze Results
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Modelica Introduction

Goal of Modelica: 2@ " INCOSE

Edinburgh, UK
«  Modeling the dynamic behavior of technical 7/ : ' ° e
systems consisting of components from, e.g., MODELICA
mechanical, electrical, thermal, hydraulic,
pneumatic, fluid, control and other domains
in a convenient way.

* Models are described by
differential, algebraic, and discrete equations.

* No description by partial differential equations, i.e.,
no FEM (finite element method) and
no CFD (computational fluid dynamics),
but using results of, e.g., FEM programs.

* Modelica is used in industry since year 2000.

Adapted from: Modelica Overview, Martin Otter, se www.modelica.org
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Modelica libraries o

| 3 Modelica Example: detailed vehicle model )
© usersGuide Vehicle dynamics (3. i) 2@ ' INCOSE
* Vehicle dynamics (3-dim. mechanics Edinburgh, UK
Blocks Ju 1821, 2016
@ complexBlocks * Drive trains (1-dim. mechanics)-..... ooty Hodelon B
@ StateGraph I
©Y Electrical * Hydraulics : = o LA L?IJ
= . N R | o |
& Magnetic Combusti W | oo
= Mechanics ombustion
@ FlUId * Air Conditioning ............................................................................... L a
7)) Media (Thermofluid systems) =
1) Thermal _ _
* Electricall/electronic system
@ Math
. i c4
0 . i ines .. = ] T : R3
) Co.n.\[.)lexMath Electrical machines ... COUr!e‘SyModeIonAB G%;e.m o
X utilities _ _ e - i
* Hierarchical state machines e
|— Constants e
(1) Icons - Control (Input/output blocks, ...)
Kg slunits
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[» |Examples

Modelica Requirements library  |. 5
(Developed in MODRIO Project) - [ ArcrafiRequirements

(E'/' LimitedControlFrequency

[ Modelica_Requirements r’! I MinimumAirDistributionPerformance

f'oUSEF'SG“‘dE PP L Many examples SLEL TP P ---(_E}MinimumOperaﬁonalServiceLife

= apunt - ~— . .
+ [ |Examples awn® - {(I)MaximumCabinTemperatureIncrease

=[] verify -
T@prmwiolaﬁm r’!- JMaximumCabinDissipatedPowerIncrease
.= Requirement e, o . r’!) LimitedCabinAltitudeRateOfChange
= BooleanRequirement "o D efl n I n g re q u I re m e n tS (i',l LimitedFreshECSFlow

- [_E\TlmeLocators —

( E':' PreventHeatExchangerClogging

s Define when to check a property - (5 TiggerAPUStartSequence

- After +- () ControlAPUStartSequence
- = AfterFor —

iEvery famamnnns

At .~ Check property in a

.*

ChecksInFixedWindow

ChecksInSlidingWindow -‘__.-.-“ CheCk property in a

SignalAnalysis

| \EI Ij\ :

E

LogicalFunctions

LogicalBlocks

(1 @ |

e | 2/3-valued logic operators

y
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Y
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Interfaces
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= o
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y=u>210 > > 210 .

y =bl> b2 | e I“ Parameters of components
are shown in its icon

y = true when off has

been true for more than 6 IUL>= ......... . Window
accumulated seconds J 6s | 10s .
during any 10 second check
time window. Off
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Checks in fixed time windows

|13| ChecksInFixedWindow
&4 During

-4 MinDuration

-4 MaxDuration

--#%%4 BandDuration

=4 NoRising

-4 FixedRising

-4 MinRising

-4 MaxRising

=4 BandRising

-4 MaxRisingFrequency
~#4 WhenRising

~#4 WhenFalling

-4 WhenChanging
4=} WithinDomain
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= Property

' _ #edges <=
I 3 ) check

Boolean condition #
(check if condition = true) I

engineStart

Boolean variable that is checked

maxRising.condition

maxRising

In every duration where the
Boolean input condition is true,
the number of rising edges of the
Boolean input check is not
allowed to exceed its limit.

true

false

maxRising.check

) -_|_H |—|_H
false

Satisfied

maxRising.y
Undecided J

Viclated

0 1 2 3 4
Adapted from: Otter et al: Formal Requirements Modeling for'Simulation-Based Verification, Modelica’qu



Example s

« “Force between a flap and its spoiler shall be less than 26 AN
” Edinburgh, UK
1000N . July 18 - 21, 2016
—— r6.forceBetweenFlapAnditsSpoiler
2000
Input: Force between flap and spoiler (Real) . —T
= 1000- P /P—————_-//h—ﬂ e S
= 1 f//
< |maxAllow edForce > 7
0 2 : 6 8 10
) ré.status
Satisfied + —
Undecided -
Violated -
! I T T T T T T T

www.incose.org/symp2016 0 2 4 6 8 10



Example s

« “The flap angle shall not exceed the range 26« Ncost
[-5%35°" comn
r3.flapAngle
4000

Input: Flaps angle (Real)

[deg]
F
f

—_—
! I I T T T T T T
> < 35 0 2 4 6 8 10
; 5
) r3.status
Satisfied +
Undecided - H
Violated -
T T T T T T T T T
0 2 4 6 8 10
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Example o
!'&.:"ly
'y Y/
« “The torque of any electrical motor shall not be greater than 26 = ™%

Edinburgh, UK

20 Nm for more than 1 sec.”

r1.ADGBtorque

r1.maxTorque
40

30 /—\
20

— 10 \/ \
_I'maxOvershoot s L
ADGBtorque >= maxTorque > check | o

condition.y

Input: Torque of electrical motors (Real)

(N.m]

-10 T T T T T T T T T
0 2 4 6 8 1

r1.status
Satisfied -

Undecided -—,

Violated

www.incose.org/symp2016 o 2 4 & 8 10



* “The time of any action of flaps actuation (extension/

Example

retraction) shall be less than 50 sec.”

Input: Flaps action is happening (Boolean)

<=

|maxD uration s

check

isFlapsActuationAction ‘[>—>

condition.y

www.incose.org/symp2016
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true -

false

r2.isFlapsActuationAction

T
100

0 50
) r2.status
Satisfied -
Undecided -
Violated -
T T T T T T T T T
0 50 100




System design and scenario models
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Formalize Designs - Characteristics of system design models: 26 INCOSE

Provide data needed for requirement violation monitors Edinburgh, UK

The model shall represent adequately the system (balance between simlification and |
computation costs)

In addition to normal behavior, include degraded or failure behavior, and include
models of the system environment

Formalize Scenarios - Characteristics of scenario models:

Scenarios shall test the system and enable testing of multiple requirements

Only contain the course of actions to stimulate the system model, no need for a
verdict (verdicts are in requirement violation monitors)

Scenario models shall be as independent as possible of different design alternatives
(reusability of scenarios)

www.incose.org/symp2016
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MODEL COMPOSITION

www.incose.org/symp2016



What can we automate? N

(I FER y
ety
* ® Translating natural-languages requirements into violation monitors requires correct interpretation 26 INCOSE
and understanding of the requirement Edinburgh UK
* @ Modeling of system designs and scenarios requires creative human engineering capabilities July 18 - 21, 2016

+  © Creation of verification models, simulation and results interpretation

Design Alternative Models Scenario Models Requirement Models

1. Verification
Model

2. Verification
Model -

n. Verification
Model

— How to find such combinations and generate verification models automatically?

www.incose.org/symp2016



Bindings specification: Basic idea

Some models require data: Clients
Some models can provide require data: Providers

However, clients and providers do not know each
other a priori

Mediators relate a number of clients to a number of
providers

clients mediator  providers

Example:

<mediator name="inboardFlapPosition" requiredType="Real"” comment="Position of inboard flap">
<client mandatory="true" modelID="*Requirements_Model*" component="inboardPosition"”/>
<client mandatory="true" modelID="*Requirements_~Model*" component="flapPosition"”/>

<provider modelID="*System*" component="flaps.FlapRI.FlapAngle"/>

<provider modelID="*System*" component="flaps.FlaplLI.FlapAngle"/>

<preferred clientInstancePath="%_1.1inboardPosition” providerInstancePath="*FlaplLI*"/>
<preferred clientInstancePath="%_2.1inboardPosition” providerInstancePath="*FlLapRI*"/>
<preferred clientInstancePath="*_1.flapPosition” providerInstancePath="*FlaplLI*"/>
<preferred clientInstancePath="*_2.flapPosition” providerInstancePath="*FLapRI*"/>
</mediator>

www.incose.org/symp2016
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Algorithm for model composﬂmzmmms @l-'.\'w

26 onnucl INCOSE
Edinburgh, UK
July 18 - 21, 2016

More scenarios

Ne N 5 Y
& < h Rav4

else ) .-

Clients of design
alternative satisfied
by providers from
scenario?

else

? )€

All requirement
clients satisfied?

More requirements >

else

Create Combination >
(i.e. Create Verification sl
Model)
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Framework for automation o

26 onnu -INCQSE
Edinburgh, UK

Algorithm for model composition July 18 - 21, 2016

07 fe h 5.inS_Ldo
06 BM~ empty Role Task
09
10
Potential model interactions: 1504 <ttt Cam) Requirement Formalize
" 12 {dmi} = getinstantiation({dm}, I_M) Analyst Requn’ements
Bindings specification = 13 205 - getaddiionaiodelsrordm, A.5)
14 I_M, V = instantiate(AD_S) // Set
15 {adis .. adis} = getlnstantiation(AD_S, I_M) et .
i stem
Scenarlo 16 I_M, V = instantiate({s.}) Deys| ner Formallze
Requirement Model 17 {si}= getinstantiation ({s.3, 1_M) g Designs
Models 18  AS_S = getdditionalModelsFor(s,, v
19 I_M,V = instantiate(AS_S)
20*2 {asi, ... asi.} = getInstantiation (A¢ /\ E li
21*3 B_M = inferBindings(getClients({\ 2l o a1 Tester orma !ze
£ £ £7% Scenarios
o ° 22%4 if alMadatoryClientssatisfied(v, 8, ~ bl b2  cVarl cVar2 dVarl dVar2
and usesAtLeastOneProviderFrom( l/ N

bvarl bVarl

Create Verification

o Clients ° o Models

Verification
. Mediators Model .
© Frovicers R_ules fc_:r automated conclusion on Execute and
] simulation results; report generation Create Report
Design
Model |
ool System )
N . Desﬁner' Analyze Results
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Former case studies S

!W&. ..&I

3 /

\) [ &/

* ModelicaML prototype (see www.openmodelica.org) was used to illustrate the 26 ' INCOSE
applicability of the new method to examples from industry (3 public case studies) Edinburgh, UK

July 18 - 21, 2016

» Case studies start with sets of natural-language requirements and show how they are
translated into violation monitor models

« Then, designs and verification scenarios are modeled in ModelicaML, and simulation
models are composed and simulated automatically

« Simulation results are used for automatically drawing conclusions on requirement
violations

TanksConnectedPl

[ ] an aout[ ]
. tSensor .
=

29'c
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Composing models using GEMMA s

gy
{\ [ //
2@ ' INCOSE
- Models modelled in different tools and exported as FMUs GEM MA
(Functional Mock-Up Units) Generic
- GEMMA (generic modular mapping framework) was used to: fml RCriOoNAL grzﬁwpécvgork
NSERFACE AIRBUS GROUP INNOVATIONS

- Combine and connect FMUs based on rules such as S

equality, similarity or compatibility of input/output name, type
and direction, and using the bindings specification

- Determine how often a particular requirement should be
instantiated

- User is involved when automatic resolving of model
connections is not possible

- Output: Verification models (i.e., executable Modelica models) for

batch simulation for compiling verification report

www.incose.org/symp2016



Conclusion

VY
» VVDR is applicable to realistic problems from aerospace domain 26 INCOSE
+ New models be developed independently Edinburgh, UK
« Contributes to model reuse: No need for defining explicit model-interfaces or -
modifying existing models
» Supports uncovering incompleteness or inconsistencies specifications and
contributes to improving requirements specifications and designs

» Case Study:

» Using the Modelica_Requirements library reduces modelling effort when formalizing
natural language requirements into executable violation monitor models

» The presented approach for automated model composition significantly decreases
effort for low added-value and error-prone tasks (e.g., manually connecting models
(few hundred connections or parameters), or interpreting simulation results)

www.incose.org/symp2016
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