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Motivation

" Automotive, aerospace, defense, and other industries are adopting
model-based systems engineering (MBSE) approaches to replace

document-centric methods.

= Adoption of MBSE not only for system design but also for
verification, validation (V&YV), and other lifecycle activities.

" |mprove verification and validation (V&YV) tests and analyses
= Improve-\/&YV activities and processes
»__Digitalization.of\M&V for earlier and continuous application

" Consistent application-ef V&V approach for large scale complex
system

7/20/2023 2



Industry Application Focus

Propose a general V&V Test Framework (V&VTF) using SysML and
an MBSE tool for connecting systems models with physics-based

models on a digital platform.

Tailor the framework for large-scale engineered systems to
effectively manage design changes and their propagation.

Enable the creation of descriptive systems models across multiple
engineering domains, avoiding domain-specific languages for
simplicity.anddfaster MBSE adoption.

Design theframework to accommodate organizations with
complex global supply.chains, minimizing customizations and
incompatible modeling.methods among organizations.

7/20/2023



What lies behind the developed approach?

01 I‘i\ |dentify Method Choose a V&V methodology for the design phase.

Method

Develop and capture a test case element (types and
attributes) in a standard form for a system model.

Development

Process

Based on a thorough Develop MBSE framework

Define test artifacts, the test case

specialization and TC configuration.
literature review and

identification of state-of-the-
art approaches, selected a

Connecting test artifacts within

04 @ Define artifacts relation to the TC the V&VTE.

suitable verification and
validation (V&V)
methodology for the design

05 g Semi-automate the method

phase.
Demonstration of method with a

lubrication system use case

07 s Ensure comprehensive understanding and

practical usability for all stakeholders involved

7/20/2023 This page does not contain any export regulated technical data. 4



ldentifying the V&V Method

=  Design Validation (DVD) focuses
on ensuring that the
implemented design meets the
intended purpose and
stakeholder expectations.

=  DVD can be performed in a
virtual or physical environment,
with validatien in a virtual
environmentoften conducted
through modeling.and
simulation.

Operational
Environment
:Virtual
& Physical

Methods For Validation

Analysis (Simulation, Analogy, Sampling, Modeling)

Inspection (Visual Examination, precision measurement)

Demonstration (Qualitative determination)

Test (Direct measurement with instrumentation, Direct
measurement with special test equipment)

Methods for Verification

Enterprise Guidelines

Enterprise Process

Enterprise Rules

Others

V&V Methods and Operational Environment Defined in the Model.
Adapted from Guide to Verification and Validation (INCOSE, 2022)

7/20/2023 This page does not contain any export regulated technical data. 5




Design
alidation
with Test

Cases

7/20/2023

bdd [Package] 0 Test Case Hierarchy[ TC From Generic to Specializations ] J

«activity»

Clasifier Behavior ACT Diagram

Test Case Legend
[ Level 1 General Test Case Element
[__1Level 2 Test Case Types
[ Level 3 Test Case Specialization

[ Classifier Behavior

Based on Methods for Validation
(Design V&V Methods Diagram).

I

|

|

|

|

- ke e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e dd e e e e e e e e e e e e ey
«TestCase» «TestCase» «TestCase» «TestCase»
«system context» «system context» «system context» «system context»
Test Case by Analysis Test Case by Inspection Test Case by Demonstration Test Case by Physical Test
values classifier behavior classifier behavior values

TestCase : String{redefines TestCase} «activity»Test Case by Inspection| |«activity»Test Case by Demonstration| |TestCase : String{redefines TesiCase}

TestCaselD : ID{redefines TestCase_ID}
TestCase_Objective : String{redefines VerificationObjective}
TestCase_Method : String{redefines VerificationMethod}

TestCase_SuccessCriteria : Success Criteria{redefines TestCase_SuccessCriteria}
TestCase_Verdict : TC Verdict{redefines TestCase_Verdict}
TestCase_V&V_Owner : String{redefines TestCaseVerificationOwner}

V&V_Level : String{redefines VerificationLevel}

V&V_Phase : String{redefines VerificationPhase}

classifier behavior
«activity»Test Case by Analysis

I

I

I

I

I

! : : el (O
| TestCase_V&V_Environment : String{redefines VerificationEnvironment}
I

I

I

I

I

«TestCase»
«system context»
Test Case for System Simulation
references

: System Model

| |

| |

| |

| |
values

| [TestCase - String{redefines TesiCase} |

| |TestCase_ID : ID{redefines TesiCaselD} |

TestCase_Obijective : String{redefines TesiCase_Objective}

| [TestCase_Method : String{redefines TestCase_Method} I

| TestCase V&V_Environment : String{redefines TestCase_V&V_Environment} |

TestCase_SuccessCriteria : Boolean{redefines TestCase_SuccessCriteria}

| | TestCase_Verdict : VerdictKind{redefines TestCase_Verdict} |

| classifier behavior 1

«activity»Test Case for System Simulation- Method Procedure

I |

I |

I |

owned behaviors
«activity»Check if framework element values are complete
«activity»Open Framework

TestCase_ID : ID{redefines TestCase_ID}

TestCase_Objective : String{redefines VerificationObjective}

TestCase_Method : String{redefines VerificationMethod}
TestCase_V&V_Environment : String{redefines VerificationEnvironment}
TestCase_SuccessCriteria : Success Criteria{redefines TestCase_SuccessCriteria}
TestCase_Verdict : TC Verdict{redefines TestCase_Verdict}
TestCase_V&V_Owner : String{redefines TestCaseVerificationOwner}

V&V_Level : String{redefines VerificationLevel}

V&V_Phase : String{redefines VerificationPhase}

classifier behavior
«activity»Test Case by Physical Test

«TestCase»
«system context»

Test Case for Test Rig

«TestCase»
«system context»
Test Case for Integrated System

values
TestCase : String{redefines TestCase}
TestCase_ID : ID{redefines TestCase_ID}

TestCase_Objective : String{redefines TesiCase_Objective}

TestCase_Method : String{redefines TestCase_Method}

TestCase V&V_Environment : String{redefines TestCase_V&V_Environment}
TestCase_SuccessCriteria : Success Criteria{redefines TestCase_SuccessCriteria}
TestCase_Verdict : TC Verdict{redefines TestCase_Verdict}

classifier behavior
«activity»Integrated System Process

owned behaviors
«activity»Test Case for Integrated System

classifier behavior

owned behaviors
«activity»Actual Results( output )

«activity»Expected Results( output, input, input1 )
«activity»Set Up Test

«activity»System Physical Configuration( output )
«activity»Test Configuration

«activity»Test Equipment

«activity»Test SW

«activity»Test Verdict( input )

I
I
I
I
I
I
I
I
| «activity»Physical Test (Test Rig) Process
I
I
I
I
I
I
I

«activity»Compare Actual vs Expected Results( input, input1, output )

«activity»System Functional Configuration( output )




Design Validation with Test Cases

= SysML Test Case (TC) Element, (Adapted
from Selvey et al.’s Verification Element
(2018) and Scukanec (2011))

=  TC block contains a classifier behavior

7/20/2023 This page does not contain ahy export regulated technical data.



Design Validation with Test Cases

bdd [Package] 0 Test Case Hierarchy[ TC From Generic to Specializations ] |

Test Case Legend
[ Level 1 General Test Case Element

[ lLevel 2 Test Case Types
[ Level 3 Test Case Specialization

«activity»
Clasifier Behavior ACT Diagram

[ Classifier Behavior
Based on Methods for Validation
(Design V&V Methods Diagram).
«TestCase» «TestCase» «TestCase» «TestCase»
«system context» «system context» «system context» «system context»
Test Case by Analysis Test Case by Inspection Test Case by Demonstration Test Case by Physical Test
classifier behavior classifier behavior classifier behavior classifier behavior
«acltivity»Test Case by Analysis | |«aclivity»Test Case by Inspection | |«activity»Test Case by Demonstration | |«activity»Test Case by Physical Test

|

| |

«TestCase» «TestCase» «TestCase»
«system context» «system context» «system context»

'l'ost Case for System Simulation Test Case for Test Rig fl"eSt Case for Integrated System




Design Validation with Test Cases

= Efficient modeling process for test
case generation including

definition of test case and o S
activities

= Reusability by different types and

Classifier Behavior

Design V&V - Strin
«Test «TestCa: «TestCase»
«syst «system «system context»

er behavior

«system
Test S Test Case b Test Case by Demonstration Test Case b t
2 classifi classifier beh r classifier behavio classifier beha
. S e r C a n C u S O m I Z e e S C a S e S «activity»Test Case by Analysis | |«activity»Test Case by Inspection| |«activity»Test Case by Demonstration | |«activity»Test Case by Physical Test

e for Integrated System

using standard-approach or add

elements according to.test type

7/20/2023 This page does not contain any export regulated technical data.




Current Practices

Current Document Based Approach for Test Requests

Requirements
(System Requirement) Measure of
Performance

(MOPs)

Design Constraints

Analysis Method
(Physics-Based
Model)

Physical Test
Method
(Test Rig)

Test Plan
&
Test Procedure

7/20/2023 This page does not contain any export regulated technical data.
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Verification and Validation Test Framework

(TF) and Elements

MBSE Methodology
employs
Requirements <¢——————— Test Case ~ Test Artifacts
verifies
System Under Test Test Configuration
validates
1 composed by
Test Model Configuration/Test Physical Configuration
7/20/2023 This page does not contain any export regulated technical data. 11



Proposed Verification and Validation Test
Framework (TF) Artifacts

7/20/2023

Develop a V&V library of test frameworks
that captures method

Customized SysML elements such as
stereotypes

Defined model and physical configuration

Captured test plan, test procedure, and
test run.

Captured the requirements related to the
TC (for.the SCS) and.variables from the
physics-based model using.a functional
mockup unit (FMU) block(a.FMU.file
contains a simulation model that-adheres
to the FMI standard).

MBSE Methodology
Test Plan
D System Co-Simulation Framework

Test Configuration

Test

Procedure |

_\—> Test Case for X

Requirements

FMU Element

MATLAB
Dymola 2019

Test Run
D \ System Under Test (SUT) \

This page does not contain any export regulated technical data.




Proposed Verification and Validation Test

Framework (TF) Artifacts

Test Plan

)
t

Test
Procedure

|

Test Run

h

<

7/20/2023

= Capturing Artifacts relation to Test Case

= Test Plan, a detailed document that describes the test
strategy, objectives, schedule, estimation, deliverables,
and resources required to perform testing for a system.

= Test Procedure, created to confirm that a system will
meet or not meet requirements. In a typical scenario,
each set of test procedures linked to requirements
specifications and contains a set of steps that will be
performed during the test.

= Test Run, a unigue occurrence of the running of a test
procedure. There may be multiple test runs of a single
procedure.

This page does not contain any export regulated technical data.
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bdd [Package] 1 System Co-Simulation Framework[ Design Validation-System (Co) Simulation Framework ])

«block»
Test Model Configuration

| |
e S I n Zone 1: Test Elements(Test Artifacts)
test Procedure. !

«block»

«block»
. . «block» Test Procedure Test Run
Test Plan flow properties s
flow properties QUt TP_TestPersonnel ] X testRun |TR Name : Strin
I I I I in V&V_Environment : Operational Environment festPlan inout V&V_Method : Methods for Validation 0. |TR Status - Bool%an
1.x inout TP_SystemUnderTest : System Model : o m
values TR_|D :ID
TPN_Name : String ) values TR_Owner : String
TPN_ID : ID TP_Name : String TR_StartDate : String
TPN_Status : Boolean TP_ID : String TR_EndDate : String

TP_Components : String
TP_TestEquipment : String
TP_SW : String
TP_CriticalEvent : String

|
|
|
|
|
|
|
I |TPN_Owner : String TP_Owner : String TR_SWversion : String
| |TPN_Objective : String TP_Status : Boolean
TP_Obijective : String
| TP_PreCondition : String
| TP_PostCondition : String
[ | [ | |
|
]
|
|
|

Test Case by Analysis

example, using system

stereotype

«systemUnderTest»
«block»
System Model

The framework block definition diagram (BDD) is broken down into two zones. Zones are used within the TF
to capture two sets of elements and to differentiate test elements from system elements to improve

diagram readability.

|
|
| test Case for System Co-SimulationJ1..* «requirement»
| «TestCase» «stakeholderLevel» o
. . I «system context» ««f;‘; »»
CO—S I I I I u | at | O n : Test Case for System Co-Simulation «verify& _ > - - _ rafiney «systemUnderTest»
values L - - =~ ~~“- i
| [TestCase : String{redefines TestCase} - _ . Phyj'cs Based Model
TestCase_ID : ID{redefines TestCaselD} =~ - «fﬁls y» constraintcrsmms d
| TestCase_Objective : String{redefines TestCase_Objective} =~ - consiraint2 d
ra I | l eWO r | TestCase_Method : String{redefines TestCase_Method} gl Sy —
TestCase_V&V_Environment : String{redefines TestCase_V&V_Environment} «refiney _ T values™
| |TestCase_SuccessCriteria : Boolean{redefines TestCase_SuccessCriteria} i «requirement» = value1 g
. " . 17 | TestCase_Verdict : VerdictKind{redefines TestCase_Verdict} . ﬁvin )L» «systemlLevel» _ — — 7 satisfy» o _VE_J_lue_g . 9
customized “validate (. —— Rk
| «activity» Test Case for System Co-Simulation Id = "PR-0
| "
| «validate» Text=""
|
|
|
|
|

7/20/2023 This page does not contain any export regulated technical data. 14



Design Validation by System Co-Simulation

«block»
Test Model Configuration

Zone 1 : TestElements(Test Artifacts)

test Procedure

«block»

«block»
«block» Test Procedure Test Run
TestPlan R (P flow prolpen‘ies T
flow properties ou _lestrersonne test Run . i
in V&V_Environment : Operational Environment.qtes“:)Ian o Nout V&V_Method : Methods for Validation [® 0" ¥2_g?ar’:fs.'sl3trolglian
1.7 inout TP_SystemUnderTest : System Model ) PN
values TR_ID : ID
TPN_Name : String values TR_Owner : String
TPN_ID : ID TP_Name : String TR_StartDate : String
TPN_Status : Boolean TP_ID : String TR_EndDate : String
TPN_Obijective : String TP_Status : Boolean
TP_Objective : String

TP_PreCondition : String
TP_PostCondition : String
TP_Priority : String
TP_Components : String
TP_TestEquipment : String
TP_SW : String
TP_CriticalEvent : String

I
I
I
I
I
I
I
| | TPN_Owner : String TP_Owner : String TR_SWversion : String
I
I
I
I
I
I
I
I

7/20/2023 This page does not contain any export regulated technical data. 15



Design Validation by System Co-Simulation

Zone 2 : System Elements

7/20/2023

test Case for System Co-Simulationy1..*

«TestCase»
«system context»
Test Case for System Co-Simulation

values
TestCase : String{redefines TestCase}
TestCase_|ID : ID{redefines TestCaselD}
TestCase_Objective : String{redefines TestCase_Objective}
TestCase_Method : String{redefines TestCase_Method}
TestCase_V&V_Environment : String{redefines TestCase_V&V_Environment}
TestCase_SuccessCriteria : Boolean{redefines TestCase_SuccessCriteria}
TestCase_Verdict : VerdictKind{redefines TestCase_Verdict}

—

=

classifier behavior
«activity» Test Case for System Co-Simulation

«validate»

«systemUnderTest»
«block»
System Model

«Ver_lfy&

—

~ «verify»

- o

«requirementy
«stakeholderLevel»

—;

Id = "PR-0"
Text=""

—  «refine»

-~

-~

«requirement»
«systemLevel»

«refine»
—

-—
—

— — 7 «satisfy»

Id ="PR-0

Text=""

—

= ~ _ «satisfy»
—_—

~

-

— — — =]

«block»
«fmu»
«systemUnderTest»
Physics Based Model

e J—

comstiaints
constraint1

~ | constraint2

—_——

=
— values™ o

Tvalue1

value2 _

diagram readability.

The framework block definition diagram (BDD) is broken down into two zones. Zones are used within the TF
to capture two sets of elements and to differentiate test elements from system elements to improve

This page does not contain any export regulated technical data.



Design
Validation by
System
Co-Simulation

Developed a V&V library
of test frameworks that
captures method

7/20/2023

pkg [Package] 1 System Co-Simulation Framework[ System Co-Simulation Framework Elements ] )

[ [
1 Test Configuration 2 System Co-Simulation Process

o T '
l | [
1 Model (Functional) Configuration 3 Artifacts
th =] Test Plan
[ Constraints for Test Configuration ] Test Procedure
= Test Run

] Instances
& Model (Functional) Configuration
—— Test Case- Function Configuration
—! Physics Based Model

=] System Model

=] Test Model Configuration =

Design Validation-System Simulation Framework

e )

This page does not contain any export regulated technical data.

2 Physical Configuration
rh
£ Modeling Language
D Test Hardware (act [Activity] System Co-Simulation-Procedure [ System Co-Simulation-Procedure ] ) B
[ Test Personnel
| Test Software ’
Physical Configuration
Test Physical Configuration P 2
1 : Open Framework ;
: :
K —

element values are
complete

“'1. Perform Simulation % 2. Collect Data _# 3. Evaluate Results | @
| th | th th |

' : Check if framework ’

-
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MBSE Methodology for Design Validation by System Co-Simulation (DVD-SCS)

Test Plan

h
1

Test Procedure

Test Configuration

Proposed

System Co-Simulation Framework

Verification &

l

Test Run

h

= _\—+ Test Case for X rb

Requirements

System Under Test (SUT)

Validation Test

7/20/2023

FMU Element
= Framework
MBSE Methodology for Design Validation by Physical Test (Test Rig)
Test Plan

D Test Configuration

1

Physical Test Framework

Test Procedure

e Requirements

W —
. — _\_> Test Case for X —>

Test Run

v

Modified System or SubSytem SysML Model
<<SUT>>

Test Rig SysML Model
<<SUT>>

18




Current Approach & Proposed V&V TF

Current Document Based Approach for Test Requests

Requirements
(System Requirement)

Design Constraints

Measure of
Performance
(MOPs)

Analysis Method
(Physics-Based

Model)

Physical Test
Method
(Test Rig)

Test Plan
&
Test Procedure

Test Plan

h

[

MBSE Methodology for Design Validation by System Co-Simulation (DVD-SCS)

Test Configuration

Test Procedure

System Co-Simulation Framework

}

Test Run

O

Requirements

FMU Element

Test Case for X

System Under Test (SUT) |

7/20/2023

MBSE Methodology for Design Validation by Physical Test (Test Rig)

Test Plan

O

[

Test Configuration

Test Procedure

}

Test Run

O

Physical Test Framework

Test Case for X —

Requirements

L

Modified System or SubSytem SysML Model

<<SUT>>

Test Rig SysML Model
<<SUT>>

This page does not contain any export regulated technical data.
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Semi- Automation of Test Case Results

bdd [Package] 0 Test Config| Instance Config ]

«constraint»
Check Requirements : Check Requirements
{tx>5

= o = = Constraint Language: JavaScript ™ «block» «block» =]
||| ={Constraint Language: Javascript Rhino A S
T x - Real
! —_— =testi.tr
| i COI’\S\‘ aint: consirants enes = test1.tpn0
«constraint»
| i Check Artifacts ~ test tp
L) 1 Obn, dohy Artstatus = fal
it artifacts TP B TP_Status : Boolean Re:‘status = Regstatus
| {verdict=RR?"pass"'fail'} TEN R Boolean SCstatus = fail SCStatus = pass
| il R «constraint = jCEs
| il A\ RR : Boolean .
A [ tKind {verdict=RR?"pass" "fail"} «block» [ «block» ] «block» = «block» ]
el «constraint» testitp: TP test1.tpn0 : TPNO testd.tp : TP testd.tpn0 : TPNO
: sl gcanstraints test Constraint Language: JavaScript Tt Crock Artfacts verdict - Verdictkind TP_Status = false TPN_Status = false TP_Status = true TPN_Status = true
li5=g constraint1 (] 2(EEpoical it (TP==true && TPN==true && TR==false){ x =100 x=100
Iy blocks T 0 : e e RegStatus : VerdictKind
«constraint» eise if (TP==true e
' Test B sr=en Jelse f (TP==true &8 TP==rue 84.T PR e S
L Jelse if (TP == faise && TPN == faise &8 T testitr: TR testatr: TR testatc: TC
! | TPN_Status : Boolean TPN - Boolean A tatus = false SuccessCriteria = faise TR_Status = true SuccessCriteria = true
o = H Jelse if (TP == faise 86 TPN == faise 88 TF TestCaseResult = fa e s
| + } else if (TP == false && TPN ==
P «constraint G
i constraint2 I yeise i (T it ooa] H = H > =
s a o tergciAR? ass T ; erinition vViagra
I e ® . = test2tr = testatr
! e Verdict - Verdictkind = test2.tpi St3.tpr
| Bems n_ a,rame ng | jram for
) verdict - VerdictKind s -Boolean) 1  TR:RRAE Se Artstatus : VerdictKind ArtStatus = fai L pass
"o aEements AV= "true Reastatus = pass RES e !
! r =test2.tc e |
N fo est’ tion |
constraint3 X
__ . A = |
{verdict=TCR?"pass" "fail"} I est o n Ig u rat n [~ Av- Boolean test2.tp: TP test2.tpno : TPNO = !

J AL “*"Relation to Reqrmremeﬁ“’fﬂ

verdict
TCR - B: S B0k S siraint
o5 Crpassttail’ «block» = «block» = i
—_— testa.tr: TR testa.tc: TC oot = Eblocks = i
e «block» gChs . verdict - Verdictkind TR_Status = faise SuccessCriteria = false testatr: TR test3te 1 TG o
«block» o 2t Check TC : Check TC TestCaseResult = fa TR_Statu SuccessCriteria = true :
T TC SCstatus : VerdictKind TestCaseResult = pass
| - Boolean
«satisfy» lean .
TestCaseResult : Verdictkind| ~ r — — — — = — — — — — — & i i
SuccessCriteria - Boo " TestCaseResult : VerdictKind S T P e

T I )
I TPN [1 TR 1 I '
| «requirement» «block» «block» L «constraint» T !

| TPNO ® [TeR : constrainta S uEments
FERBoolean |— = (verdict=TCR?"pass""fai" '

S| B R s >1d = 1" E
X between 1and 10" e cocan e - Text = " between 1 and 1
® dict - Verdictkind
Criteria
/ . A ~ - - <=,
Test Scope (optional): | 0 Test Config Filter: | v~

.TPN_Status: .TR_Status:
Boolean Boolean

1 = testl [ false [ false [ false =8ystem Model Configuration [ fail

.TP_Status: ™ ‘—'«rtS'tatL.J.s : (4 x: Real ReqStatus : TC.SuccessCriteria : N TC.TestL-ase'lV:'\esult: Verifies

# Name . L
Boolean VerdictKind VerdictKind Boolean VerdictKind

2 = test [ false [ false [ false f(aSMC) usmg Test ArtifactTable L[!fs= fail
3 =l tesi3 true true true pass pas true pass
B = testd true true true pass 10 fail true pass

7/20/2023 This page does not contain any export regulated technical data.



bdd [Package] 0 Test[ Test ] J

—

[
[
[
[
[
[
[
[
[
[

Constraint Language: JavaScript Rhin%l

«constrainty
constraint0

constraints
{verdict=RR?"pass":"fail"}

parameters
RR : Boolean
verdict : VerdictKind

«constraint»

Constraint Language: JavaScri;[}l

«constrainty
Check Artifacts

TP : Boolean

TR : Boolean
AV : Boolean

parameters

TPN : Boolean

Constraint Language: JavaScrig%l

—4 constraint1 [
constraints «block» et
{verdict=AR?"pass":"fail"} Test Configuration Seon-rait
Blies Check TC
parameters RR: Boolean y
AR : Boolean A Bookan B g‘;’gl’g;:’s
verdict : VerdictKind ReqStatus : VerdictKind ;
ArtStatus : VerdictKind AV : Boolean
= SCStatus : VerdictKind SC : Boolean
Sl «constraint» TCR: Boolean
constraint2
constraints Constraint Language: Python
{verdict=SC?"pass":"fail"}
I
. Boo;::::neters «constraint»
verdict - VerdictKind Check Requirements
parameters
«constraint» RRR Bclaolean
constraint3 5ripe
— constraints c1
{verdict=TCR?"pass":"fail"}
parameters
verdict : VerdictKind P
TCR : Boolean
«block»
TC | gy
values
«block» TC TP_Status : Boolean
TC ” X : Real g
values 5 I
TestCaseResult : VerdictKind | _ _  «verify» «satisfy» s |
SuccessCriteria : Boolean ' G T o T e R -
| |
| |
W v TPN |1 TR |1
«requirement» «block» «block»
Requirement TPNO TR
Id =21 values values
Text = "x between 1 and 10" TPN_Status : Boolean TR_Status : Boolean

Semi- Automation
of Test Case
Results

Block Definition Diagram (BBD) for Test
Configuration

21



Semi- Automation
of Test Case
Results

Parametric Diagram for Test
Configuration

7/20/2023

par [Block] Test[ Test ] |

TP_Status : Boolean I

TPN_Status : Boolean !

TR_Status : Boolean !

TC| TC

|SuccessCriteria:B lean |

’ TestCaseResult : VerdictKind

«constraint»
Check Requirements : Check Requirements
37152 {ifx>5:
) RR="false"
X Real print(RR)
X : Real else:
Ij RR="true"
print(RR)}
-
RR : Boolean
«constraint»
- ﬂ : I
RR : Boolean ok s e : constraint0
{verdict=RR?"pass"-"fail"}
«constraint» [1 s
S artifacts : Check Artifacts his i L St
- ] {if (TP==true && TPN==true && TR==false){ ——
AV = "true™ ReqStatus : VerdictKind
“TPNO lelse if (TP==true && TPN==true && TR==true){
AV = "true";
lelse if (TP == false & TPN == false && TR == false){
TPN - Boolean AV = "false™
| jelse if (TP == false && TPN == false && TR == true){
AV = "false”
Yelse if (TP == false & TPN == true && TR == false){
AV = "false"; R «constraint»
} else if (TP==false && TPN==true && TR==true){ AR Booiean B Int1
) AV = "false", {verdict=AR?"pass""fail"}
lelse if (TP==true && TPN==false && TR==false){
1 TR AV = "false™; [1
lelse if (TP==true && TPN==false && TR==false){ Verdict - VerdictKind
) AV = "false",
TR : Boolean Jelse if (TP==true && TPN==true && TR==false){ Artstatus : VerdictKind
AV = "true";
lelse if (TP==true && TPN==true && TR==true){
AV = "true”;
B
0
AV : Boolean
AV : Boolean |
L___l «constraint»
SC - Boolean : constraint2
P {verdict=SC?"pass"-"fail"}
«constraint» ‘—I - - X
check TC : Check TC |verd|ct - VerdictKind
AV . ;
] {if (SC==true && AV==true){ SCStatus : VerdictKind
- TCR = "true”;
I ] Jelseif (SC==false 8& AV==false){
TCR = "false”;
lelse if (SC==true && AV==Talse){
TCR = "false”;
lelse if (SC==false && AV==true){
TCR = "false"}}
‘—\ «constraint»
TCR TCR - Boolean : constraint3

{verdict=TCR?"pass":"fail"}

N
|verdict : VerdictKind




emi- Automation
of Test Case
Results

Block Definition Diagram (BBD) shows
four instances of one test type

7/20/2023

bdd [Package] 0 Test Config[ Instance Config ]J

«verify»

«requirement»

«block» = «block» ]
test1 : Test Confi ti teatd : Test Confh ti
= test1.tr = test4.tr
= test1.tpn0 = test4.tpn0
= test1.tp = test4.tp
ArtStatus = fail ArtStatus = pass
ReqStatus = fail ReqStatus = fail
SCsStatus = fail SCStatus = pass
TC = test1.tc TC = test4.tc
«block» B «block» B «block» B «block» B
TP_Status = false TPN_Status = false TP_Status = true TPN_Status = true
x=10.0 X=100
«block» g «block» = «block» | «block» [m|
TR_Status = false SuccessCriteria = false TR Status = true SuccessCriteria = true
TestCaseResult = fail p TestCaseResult = pass
|
I «block» =] «block» ]
' test2 : Test Configuration test3 : Test Configuration
! = test2.tr = test3.tr
I = test2.tpn0 = test3.tpn0
| = test2.tp = test3.tp
| ArtStatus = fail ArtStatus = pass
| ReqStatus = pass ReqStatus = pass
| TC =test2.tc SCStatus = pass
| TC = test3.tc
| «block» = «block» =]
| test2tp : TP test2.tpn0 : TPNO ghocs W e W
= = H test3.tpn0 : TPNO
| TP_Status = false TPN_Status = false testite L TP
I x=2.0 TP_Status = true TPN_Status = true
| x=20
' «block» g «block» g
| test2.tr : TR test2.tc : TC «block» B «block» B
! TR_Status = false SuccessCriteria = false testatr L IR testite L 10
| TestCaseResult = fail TR_Status = true SuccessCriteria = true
| TestCaseResult = pass
|
|
|
|
|

«verify»

Requirement

«verify» «verify»

Id="1"
Text = "x between 1 and 10"




System Model Configuration (SMC) using
a Test Artifact (TA) Validation Table

Criteria
[ Classifier: | Test Configuration | E Scope (optional): | 0 Test Config U ‘ E Filter: |Y'

Verification Status: [_] Pass [_] Fail

- A Name .TPN_Status : .TR_Status : .TP_Status : ArtStatus : 9] x: Real ReqgStatus : o TC.SuccessCriteria : TC.TestCaseResult : Verifies
Boolean Boolean Boolean VerdictKind VerdictKind Boolean VerdictKind

1 = test1 [false [false []false fail 10 fail []false fail [’ 1 Requirement

2 = test2 [Jfalse [Jfalse [false fail 2 pass [false fail [®l 1 Requirement

3 = test3 true true true pass 2 pass true pass [®] 1 Requirement

4 = test4 true true true pass 10 fail true pass [®l 1 Requirement

7/20/2023 This page does not contain any export regulated technical data.
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Requirement and Test Artifact (TA)
Validation Table

= System Model Configuration or System Function Configuration

= Table captures all configurations of model as separate instances.
= Save run of Test Procedure as an instance

= During simulation execution requirement table is updated with verdict
output

Test Artifact Validation Table - Elements

Test Case Instance  Test Artifacts (TPN, TR, TP, SC)  Test Case Result Requirement

Requirement Validation Table -‘Elements

7/20/2023 This page does not contain any export regulated technical data. 25



Use Case: Lubrication System

= TF for Design Validation by System Co-Simulation Applied to Lubrication System

= Design validation by analysis

= Requirements are checked against constraints and value from lubrication system

analytical results (FMU box) o'

O

Engine < T

Bypass Valve Qil Filter

@ @ @ Scavenge Pump -+

Q)

SuppIL

A

Bypass Valve

» |
]

1

Qil Tank

©-

.| Fuel Qil Heat Supply Pump
Exchanger | = L——»
Scavenge Qil Filter

Oil Bypass Valve

Oil Flow Through
the Filter
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plying V&V Test
Framework to the
ubrication System
Descriptive Model

7/20/2023

bdd [Package] 1 System Co-Simulation Framework[ Design Validation-System Simulation Framework ] )

TR_EndDate : String = 06/07/2022

TR_SWversion : String = 2022x

«block»
Test Plan

Row properties
in V&V Environment : Operational Environment

values

TPN_ID : String = LSTPN#
TPN_Owner : String
TPN_Status : Boolean
TPN_Objective : String

TPN_Name : String = LS Pressure Side Oil Filter |

test Plan
b1

«block»
Test Model Configuration

«block»
astiRun test Procedure
values . S

TR_Name : String = LS Pressure Side Oil Filter «block»
TR_Status : Boolean test Run Test Procedure
TR_ID : String = LSTR# 0.* fiow properties
TR_Owner : String out TP_TestPersonnel
TR_StartDate : String = 06/01/2022 inout V&V _Method

[nout TP_SystemUnderTest

'TP_Owner : String
|TP_Name : String = LS Pressure Side Oil Filter
|TP_ID : String = LST1

vaiues

TP_Status : Boolean
TP_Objective : String
TP_PreCondition : String
TP_PostCondition : String
TP_Priority : String
TP_Components ® String
TP_TestEquipment : String
TP_SW : String
TP_CriticalEvent : String

test Case for Computer Simulation |1.*

«system context»

Test Case Lubrication System Analysis

OIL FILTER

Oil Bypass
Valve

Oil Flow
Through the
Filter

TestCase_ID = LSTC¥#

TestCase_Method = Analysis

TestCase V&V_Environment : String = Virtual
TestCase_SuccessCriteria : Boolean
TestCase_Verdict : VerdictKind

values

TestCase : String = Reguirement must pass if supplyBypassValvePos<=0.0005 and Requirement must pass if pressureSignal1<=110000 at all times during simulation

TestCase_Objective : String = Verify pressure side oil filter bypass is closed during nominal operation and Verify supply pressure is equal or less than 110000 Pa.

«actvity»System Co-Simulation-Procedure

ciassifier behavior

| |
' wverify» ' averify»
«block» : '
LubricationSimulation1 ! !
demoLubeSystemTest1 A2 v
T «requirement» «requirement»
«fmu» Supply side Closed supply oil
DemoLubeSystemTest operating pressure filter bypass during
nominal operation

constraints

{pressureSignal1<=110000}
{supplyBypassValvePos<=0.0005}

values

«refinen

| «satisfy»

B i

Id ="2"

|= s mpe s Same > Text = "While the

1 lubrication system is in
operation, the supply
N - > pressure of the

I = "
Text = "While the

lubrication system is in
operation, the pressure

demolLubeSystem.pressureSide.supplyFilterBypass.dp : Real
demoLubeSystem.pressureSide.supplyFilterBypass.valvePosition : Reab‘ =

lubrication system shall
not exceed 110000Pa"

side supply oil filter
bypass shall not open

scavengePower : Real

|
s heal | ;. «refiney
N2.offset : Real = 600.0 - - S et - -
supplyPower : Real |_ . _«sg_llsiy» ______

~ = 21during nominal
operation, valve position
shall remain closed
when it is less than
0.0005."




Applying V&V Test Framework to the
Lubrication System Descriptive Model

7/20/2023

test Case for Computer SimulationJﬂ .

«system context»
Test Case Lubrication System Analysis

TestCase_ID = LSTC#

TestCase_Method = Analysis
TestCase_V&V_Environment : String = Virtual
TestCase_SuccessCriteria : Boolean
TestCase_Verdict : VerdictKind

values

TestCase : String = Requirement must pass if supplyBypassValvePos<=0.0005 and Requirement must pass if pressureSignal1<=110000 at all times during simulation.

TestCase_Obijective : String = Verify pressure side oll filter bypass is closed during nominal operation and Verify supply pressure is equal or less than 110000 Pa.

«activity» System Co-Simulation-Procedure

classifier behavior

«block»
LubricationSimulation1
demoLubeSystemTest1
«block»
«fmu»
DemolLube SystemTest
constraints -
refine
{pressureSignali<=110000} = — — - — - — gL T
{supplyBypassValvePos<=0.0005} ] — — — — 7
values | «satisfy»
demolLubeSystem.pressureSide.supplyFilterBypass.dp : Real q— - — - ’|‘ ————————
demolLubeSystem.pressureSide.supplyFilterBypass.valvePosition : Realj — |
N2.y : Real «refine»
N2.offset : Real = 600.0 )
supplyPower : Real «satisfy»
scavengePower : Real

|
| .
«verify»
|
|

V

|
leve rify»
|
|

\V4

«requirement»

Supply side
operating pressure

Id="2"

Text = "The operating
supply pressure of the
lubrication system shall
not exceed 110000Pa"

«requirement»
Closed supply oil

filter bypass during
nominal operation

Id="1"

Text = "The pressure
side supply oil filter
bypass shall not open
during nominal
operation, valve position
shall remain closed
when it is less than
0.0005."
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Requirement Validation Table for
Lubrication System

= Test case execution generates test case pass or fail results

Requirement Verification: [ ] Pass [ ] Fail -
# Name Text Property Value ¥ Bounds Margin
The pressure side supply oil filter demolubeSystemTest1.demol |
Closed supply oil  bypass shall not open during ubeSystem.pressureSide.supply
1 [®l 1 filter bypass during nominal operation, valve FilterBypass.valvePosition : Real 0.0066505098 <5.0E-4 -0.0061505058
nominal operation  position shall remain closed
when it is less than 0.0005.
el The operating supply pressure demolubeSystemTest1.demol
2 (& 2 >UPP Z side of the lubrication system shall ubeSystem.pressureSide.supply 110986.9903741054 <=110000 -986.9903741054
Operating pressure ot exceed 110000Pa FilterBypass.dp : Real

7/20/2023
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Ssummary of V&V Test Framework Method

MBSE Methodology for Design Validation by System Co-Simulation (DVD-SCS)

«system context» <]
Test Case

values
TestCase : String
TestCase_ID : String
VerificationObjective : String
VerificationMethod : String
VerificationEnvironment : String
TestCase_SuccessCriteria : String
TestCase_Verdict : Boolean
TestCaseV erificationOw ner : String
ComplianceMethod : String
VerificationLevel : String
VerificationPhase : String
ComplianceDoc : String
ConplianceAssesment : String
ConplianceStatus : String

classifier behavior
«activity»Clasifier Behavior ACT Diagram

o

|

Test Configuration

System Co-Simulation Framework ‘

Test Procedure

. ‘ Requirements | FMU Element

Test Plan

MBSE Methodology for Design Validation by Physical Test (Test Rig) |=| ‘

Test Configuration

O
1

Physical Test Framework ‘

Test Procedure

—

Requirements

Test Run

Modified System or SubSytem SysML Model
<<SUT>>

5]

Test Rig SysML Model
<<SUT>>

«ModelLibrary»
0 Test Case Hierarchy

&2 TC From Generic to Specializations
Test Case

LSl Test Case by Analysis

LS| Test Case by Demonstration

LSl Test Case by Inspection

LS| Test Case by Physical Test

LS| Test Case for Integrated System

LSl Test Case for System Simulation

LSl Test Case for Test Rig

= Test Case Legend

pkg [Package] 1 Validation Framework Library[ Design Validation Framework Library ])

| T

«ModelLibrary»
1 System Analysis Framework

J

«ModelLibrary »
2 Physical Test Framework

711 Simulation Framework [ 1 Test Rig Framework

712 Modeling Framework (]2 Development Rig Framework

= [ 3 Integrated System Framework
|

B | |

«ModelLibrary »
3 System Inspection Framework

«ModelLibrary»
4 Demonstration Framework

This page does not contain any export regulated technical data.
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What is the value of the V&V TF?

" Test cases and patterns are defined in the systems model to
improve V&V planning

= Explicit relation between test elements to manage design changes
and their propagation

=  Avoided customization with new profiles, this method was
developed using current SysML elements

= A comprehensive approach to handle different test types and
system abstraction levels.

" The V&VTFissdemanstrated through the testing of a lubrication
system, providing design validation through co-simulation.
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