Model-Based Systems Engineering:
Past, Present and Future
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What is Systems Engineering? ¢

 Interdisciplinary in nature
« Design and management of complex systems
* Focuses on the whole as opposed to the parts

 l|dentify goals, create alternative solutions, select best
design, verify proper implementation and integration,
assess how well requirements were met

« The engineering discipline that acts as the voice of the
customer



Systems Engineering is used to
some degree on almost all
products/systems of any
significance today, whether as a
formal practice or not.



Why is it important today? i\p
« Systems are becoming increasingly complex

* Increase in subsystems, components, data,
variables

This has been an underserved discipline!



State of Practice in Systems Engineering: A@
Documents and Spreadsheets Rule!

* Document based approach
works, but...

 How do we keep documents
and designs properly synched?

* According to research, the
majority of serious defects
occur in early phases of the
system lifecycle
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Moving from Document centric to Model centric
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What is Model Based Systems Engineering? I

MBSE is a disciplined, rigorous approach to
systems engineering that uses visual modeling to
support requirements, design, and analysis
through conceptual, logical, and later phases of
the system life cycle



Systems Modeling Language (SysML) h@

* OMG Systems Modeling Language (SysML) is a graphical modeling language
for specification, analysis, design, verification and validation of systems

« Dedicated for modeling complex systems that may include hardware,
software, information, personnel, procedures, facilities, etc.

UML reused by SysML
(UML4SysML)

Not required

by SysML SysML'’s

extensions to UML




Simplify the representation of systems

Eliminate or reduce ambiguity concerning
concepts, relationships, intent, or structure

Improves communication and understanding
Provide a technical baseline

Used for validation and verification at multiple
stages in the development cycle, allowing for
earlier detection of problems and defects.
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System Model as an Integration
Framework
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Science

Systems Assemblies

Subsystems
L

Assemblies

® 2

Operatlons
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Subsystems .

Testﬁ
Future: Shared system model with
Today: Standalone models multiple views, and connected to
related through documents discipline models



Old design methodologies rely on build, test, fix

Model-Based Systems Engineering

Traditional systems engineering
methodology

Quality

Defects detected earlier in the

------- process
Less expensive to fix at these

TN ——————— -,

earlier stages
Overall product quality improves

Specify
Design
Build |
Test
Fix |-=---—--
Deploy
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No longer a revolution |,

* |t’san EVOLUTION

e SysML is changing to enhance usability, facilitate exchange
of model data, and increase adoption

* Integrating with PLM

* Increased demand for interoperability with detailed design
tools

* Full system simulation

e Al?
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SysML v2 Objectives

* Improved precision and effectiveness
« Better consistency among language concepts
 Interoperability with other engineering tools

* Enhanced usability for both developers and
consumers

14



PLM Integration

Integrating to PLM allows for automated data interchange between SE and
other disciplines
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Deeper Use Case
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Detailed Design Exchange - DDS
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ibd [eeAssembly] Home Theater System in Room Flat - Refined with Ping[ Cable Modem Wiring DiagramJJ

theather.network.mo

theather.network

demPowerAdapter .cableModem
J2 ! TH.NET.MPA.DC_OUT_TH.NET.MDM.PWR_IN_PWR J1 J3 A
3 TH.NET.MPA.DC_OUT_TH.NET.MDM.PWR_IN_GND 7 3
3
4
room.cableOutlet S
6
J1 L RM.CBL.COAX_OUT_TH.NET MDM.COAX_IN_CXP_RX_CXP_TX J2
Source Source
# Source Module Module S Connector Net Name
Ref Des
1 theather.network.cableModem 1007 |2 1 RM.CBL.COAX_OUT_TH.NET.MDM.COAX_IN_CXP_RX_CXP_TX
2 theather.network.cableModem 1007 |3 5 TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D3-
3 theather.network.cableModem 1007 )3 4 TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D3 +
4 theather.network.cableModem 1007 )3 8 TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D4-
5 theather.network.cableModem 1007 )3 7 TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D4+
6 theather.network.cableModem 1007 )3 6 TH.NET.MDM.ETH_TH.NET.RTR.WAN_RX_D2-
7 theather.network.cableModem 1007 )3 3 TH.NET.MDM.ETH_TH.NET.RTR.WAN_RX_D2 +
8 theather.network.cableModem 1007 )3 2 TH.NET.MDM.ETH_TH.NET.RTR.WAN_TX_D1-
9 theather.network.cableModem 1007 |3 1 TH.NET.MDM.ETH_TH.NET.RTR.WAN_TX_D1+
10 theather.network.cableModem 1007 )1 2 TH.NET.MPA.DC_OUT_TH.NET.MDM.PWR_IN_GND
11 theather.network.cableModem 1007 |1 1 TH.NET.MPA.DC_QUT_TH.NET.MDM.PWR_IN_PWR

TH.NET.MDM.ETH_TH.NET.RTR.WAN_TX_D1+

TH.NET.MDM.ETH_TH.NET.RTR.WAN_TX_D1-

TH.NET.MDM.ETH_TH.NET.RTR.WAN_RX_D2+

TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D3+

TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D3-

TH.NET.MDM.ETH_TH.NET.RTR.WAN_RX_D2-

TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D4+

TH.NET.MDM.ETH_TH.NET.RTR.WAN_BI_D4-

Target Module

room.cableQutlet
theather.network.wifiRouter
theather.network.wifiRouter
theather.network.wifiRouter
theather.network.wifiRouter
theather.network.wifiRouter
theather.network.wifiRouter
theather.network.wifiRouter
theather.network.wifiRouter
theather.network.modemPowerAdapter
theather.network.modemPowerAdapter

theather.network.wifi
Router

Target Target
Modgule C::Ir'lgeittor Conn_zctor
Ref Des Pin
1014 1 1

1008 2 5

1008 2 4

1008 )2 8

1008 2 7

1008 J2 6

1008 )2 3

1008 )2 2

1008 2 1

1009 J2 2

1009 )2 1



Function Placement Info column
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What is our goal as Systems Engineers?
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Simulation - Cruise Control Example

stm [State Machine] CarDomainModelSTM [ CarDomainMedelSTM | ] H Diagram name |Car[)gmamMode\STM

Diagram name | VehicleModelComplex i
VidoalVelocity : mis P! [Lastmodiied by| rkarban
- N after (2s)
«Commants
OQUTPUT

par [Block]

INITALIZING

: Real rpm : Real «constraints

wiradls w:radis

«constraints

Jiffare: «constraints
: VelocityEquation {w=rpme(2°PU0]) | - InertiaTorqueEquation
{v=(rpm/60)"(1/gear)*2"P!'radius} i {T="w}
[T Nm
tSpeed : Real
RPM Torque (Nm) vmess kg PO 4 [ car syst
rpm {i.e. curre R
. «constraints function of the hick ~cruise control-
e . = o -
2 = (x(1)+x(2))/: [pushad .
2000 108 2= x(1)+x(2))i2} StartUp ‘ ‘ Shutdown Engage H Disengage
e e |
everse
i - DecBrakaPos | 0 Dechce 0 Eepess
-
w10
4500 169 aconstrainty ace : mis* :
= -~ 125
5500 180 {aco={torquarradus mass) |y oo - -
6000 176 o Set Speed
6500 165 | I 12
7000 149
rpm : Real 2= p Gain
Torque value is indexed by RPM from a ° = = -
) w B To ) o o ED o 7o o s w0 10 120
table or calculated. aconsiraints [ il timeis) 20
: TorquePowerEquation =
{power=rpm*torque*2*P1/60}
Engine Torque L T T I I |
acomments . 012345678 9101112131415
Generating a certain Pty
torque produces a ey
certain accaleration g- lsa0 "
which is used to reach a Lo pERC
s00 9593438811428 ..
o
B To 0 0 D B o 70 a0 @0 10 10 1%0 o
time(s) que
[=~1 ‘2406%11385” 5 ‘
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15
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°
° i . | E Lo
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time(s)
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Automated Component Selection

bdd [Package] Structure [ Structure ]J

req [Package] System Requirement[ System Requirement 1]

engine |1
wblocks «blocks
Engine HybridCar
M ks ?;nc::yl ‘
fuelType : fuel sw
power hp : power{unit = hp} shp : SumHP
power kilowatt : powerlkilowatt}{u —
'speed : speed{unit = rpm} engine : Engine [1] B
weight : mass[kiogram}{unit = kiog | |pattery - WYE‘"“] i
price : price{unit = usd} ——

No Magic

«moex totalWeight : Real

amoes /fitnessCar : Real{redefines fitnessCar}

«requirements
Performance (HP)

Id="SN1"

Text = "The greatest
performance in term of HP,
closest to the target HP"

arequirements
Target HP

Id="SR2"
Text = "Target house power
close to 140 hp. ~

«requirements
Cost

«requirements

Weight

Id="8SN2"

Text = "The cheapest cost to
build a car, much cheaper
than the target cost”

1d = "SN3"

Text = "The lightest car,
much lighter than the target
weight”

l|\
:cdenv' eReqts

1
arequirements
Max Cost

™
|
| «deriveReqt»
|

2

Id="SR1"
Text = "The maximum cost
of a car is 30,000 USD. "

arequirements
Max Weight

Id="SR3"
Text = "The weight shall
less than 700 kilograms. "

l"\
|
|
|




Requirements Value Weighted Ratio I\
{
\
Target HP 140 hp 0.7 l . ‘
Maximum Cost bdd [Package] Censtraints [ Fitness Constraintu
Maximum Weight . _
wconstraints wconstraints
Fitness Constraint Fitness HP
constrainis constrainis
{fintessValue = fitnessHP + fitnessCost + fitnessWeight} {fitnessHP = raticHP * (1 - (abs(targetHP- totalHP)targetHP})}
parsmeiers parsmeiers
fintessValue : Real targetHP : Real
fitnessWeight : Real ratioHP : Real
fitnessHP : Real fitnessHP : Real
fitnessCost : Real totalHP : Real
wconstraints
Fitness Formula
consirainis
{fitness = ratio * (Math.abs(max - total)/max),
if(total = max}{ fitness = -fitness}}
parameiers
total : Real
fitness : Real
ratio : Real
max : Real
«constraints «constraints acenstraints
SumHP Sum Cost Sum Weight
constranis COnSiramis ConsUamis
{totalHP = hpEngine + hpElectricMotor} {totalCost = enginePrice + electricMotorPrice + batteryPrice} {totalWeight = engineWeight + electricMotor\Weight + batteryWeight}
parameiers parameiers parameiers |
totalHP : Real enginePrice : Real electricMotorWeight : Real
hpElectricMotor : Real electricMotorPrice : Real totalWeight : Real
hpEngine : Real batteryPrice : Real

totalCost : Real

battery\Weight : Real
engineWeight : Real




e T s R hc:HWybriacar;1
fitnessFunction : FitnessFunction
T
! shp : SumHP totalP «constraints 3
hpEngine |, {1o1aP = hpEngine y [ { totaliP : Real | totaHP hpFC : Fitness HP E‘["_l e Real
@ gin {fitnessHP = ratioHP * (1 - (absitargetHP- totalHP)/targetHP))}
ratioHP
’: ratioHP : Real
engine.weight : Real H engineW «constraints
=L j sw : Sum Weight
Snht 4 o /eight + batteryWeight} ) fitnessHP
e | — =)
- total «constraints max .
battery.weight : Real S :l i Fitness Formula E E
{ftness = ratio * (Math.abs(max - totaly/max);
if(total > max){ fitness = -fitness}}
i e iReal
=
_— s g —
sc: Sum
) = engi + electri * batteryPrice} ) total «constraints max targetCost : Real l
engine.price : Real Ll |: — costFC : Fitness Formula O
{fitness = ratio * (Math.abs(max - total)}/max);
totalCost if(total > max{ ftness = -fitness}}
= -
fitness
fitnessCost {tnessWeight
L]
«constraints
fc : Fitness Constraint

L_

{fintessValue = fitnessHP + fitnessCost + fitnessWeight}

fintessValue

fitnessCar : Real i

1C
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A code : gene : power kilowatt : weight : price :
# 2 Name o™ : o . [V fuelType : fuel [ power hp : power o~ A [V speed : speed (rpm) (W p - -
I String l String ype "p () | LY powerfilowatt] (kw) (rpm) mass{klogram] (kg) |7 price (usd)
1 =1 Engine A E-A A Gas 58.0 43.0 4000.0 240.0 7000.0
2. =] Engine B E-B B Gas 70.0 52.0 4500.0 335.0 7200.0
3 =1 Engine C E-C C Gas 76.0 57.0 5000.0 375.0 7500.0
4 = En|
5 = Enf No. Population Best Genes Total Hp Total Cost Total Weight Fitness
6 =l En|
5 = b | ACB|ACB | ACA| AAB | FAD| ACB | ACA| AAB | FAD | FCA| |acB| 125.0 14200.0 590.0 0.746047619047619
2 IAEAIACB|ACB|ACB|A(B|AEA|ACB|A(A|ACE|AAB| |AEA| 148.0 16000.0 640.0 0.7619847619047619
8 Sen 3 | AEB| AEB| AEA| AEA| ACB| AEB | AEA | ACB | ACA | ACD | |aeB| 148.0 16200.0 625.0 8.7627142857142856
9 = Ed 4 | ADB| ADA| AEB | AEB | AEB | ADB | ADA | AEB | AEA | ACB | |aDB| 138.0 15200.0 605.8 0.8022380952380952
o =3 | ADB | ADB | ADB | ADB | ADA | ADB | ADA | AEB | AEA | ACB | |ADB| 138.0 15200.0 685.0 8.8022380952388952
Ll |6 | ADB | ADB | ADB | ADB | ADB | ADB | ADA | ADD | AEB | AEA | |ADB| 138.0 15200.0 605.0 ©0.8022380952380952
7 | ADC | ADC | ADB | ADB | ADB | ADC | ADB | ADA | ADD | ADE | |anc| 138.8 15400.0 594.0 0.8824761984761905
8 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 0.8024761984761905
9 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |apc| 138.0 15400.0 594.0 8.8024761984761905
10 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 0.8024761904761905
# 1 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 0.8024761904761905 |} price (usd)
12 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |apc| 138.0 15400.0 594.0 ©.8024761904761905
1 = 13 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 8.8024761984761905
1 14 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.8 15400.8 594.0 0.8824761984761985 |-
N = Eq 15 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 0.8024761984761905
3 =ed 16 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 0.8024761904761905
4 = 17 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 ©.8024761904761905 | -
1 18 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 0.8024761904761905 |
5 =1 El 19 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |anc| 138.0 15400.0 594.0 ©.8024761904761905
20 | ADC | ADC | ADC | ADC | ADC | ADC | ADB | ADA | ADD | ADE | |apc| 138.0 15400.0 594.0 0.8024761984761905
Total evolution time: 58 ms
The best solution has a fitness value of ©.80824761904761905
- | Engine: Engine A te (usd)
Electric Motor: Electric Motor D
1 = j Battery: Battery C
2 =
3 =] Battery C B-C C NiMH 1250.0 99.0 2400.0
4 = Battery D 8-D D NiMH 1250.0 110.0 2500.0
5 = Battery E B-E E Li-Ion 4400.0 176.0 4000.0

No Magic
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And the winner is...

s Name | [ engne : Engine |13 e | [ battery : Battery [ totakP : Real [ totaiCost : Real (3 totaWeight :Real | [ fitnessCar : Real I

1 = HybridCar_BCC | ) Engine B : 2 Logcal Made . B Beciric Motor C : 2 Loge: ) Battery C: 2 Logica Moc 137.0 114600.0 674.0 0.7913309523809523

2 = HybridCar_ADC =1 Engine A : 2 Logical Mod: (=] Blectric Motor D 2 2 Logic (=1 Battery C : 2 Logical Moc 138.0 15400.0 5940 0.8024761904761905
"3 | 3 Hybridcar_ADC = Engine A : 2 Loocal Mod: ) Blectric Motor D @ 2 Logic = Battery C : 2 Logical Moc 138.0 15400.0 5540 0.8024761904761905
| 4 HybridCar_ADC = Engine A : 2 Logcal Mod: B Bectric Motor D : 2 -ogn:‘El Battery C : 2 Logica Moc 138.0 115400.0 '594.0 10.8024761904761905
s | = HybridCar_ADC = Engine A : 2 Logcal Mod: =) Blectric Motor D : 2 Logic = Battery C : 2 Logical Moc 138.0 15400.0 5840 0.8024761904761905

bdd [Package] Evolutionary Trade Study Result[ Evolutionary Trade Study Result JJ

«ablocks
HybridCar ADC : HybridCar
battery = Battery C
electricM otor = Electric Motor D
engine = Engine A
fitnessCar = 0.8024761904761305
totalCost = 15400.0
totalHP = 138.0
totalWeight = 594.0
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Component Catalogs Population

Electric Motor : = |c~ I A N /N
s

HybridCar
-
. Y“ ' D t
New Configurations <> alBeatC. IL Electric Motor
Max. E ?
sy |
Training ves > HybeidCar
| Onti d ?
No
Decision Support System (DSS)
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MBSE simplifies complexity

Promotes consistent communication through use of a
common notation and a single source of truth

Provides rigor and discipline to system design and
optimization
Future is in assisted design

It is not a silver bullet

 Takes time to implement and fully realize the benefits
Requires commitment to developing a modeling practice
Benefits from development of corporate standards and reusable libraries
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