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Motivation.

Models have always been “4. Model-based systems
central to understanding _ engineering, integrated with
systems and in the ey simulation, multi-disciplinary
engineering of systems, analysis, and immersive
whether captured in text visualization environments is
and/or graphics in a standard practice.”
document or digitally,
typically labelled MBSE

INCOSE SE Vision 2035

The future of systems engineering is model-based, leveraging next generation

modeling, simulation and visualization environments powered by the global digital
transformation, to specify, analyze, design and verify systems (Vision 2035)
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Motivation...

l@ne rz'nj to rule them all, Ci; there “(jne model to

rule them a[f, one model to
ﬁnc[ t/;em, one model to

one rz'nj to ﬁntf them, one

rz'nj to Erz'nj them all and in
the ([arfne&f bind them ”

ﬁame them all, and’
ganJa&Q the 3‘39/[014/55339 Of tﬁrouj/f ernergence A
the &nj (c?;fgz'en, Iyyl). them. ”7

The future of systems engineering is model-based, leveraging next generation

modeling, simulation and visualization environments powered by the global digital
transformation, to specify, analyze, design and verify systems (Vision 2035)

5/7/2024 Copyright © 2024 by Jawahar Bhalla 5



Motivation...

“@ne rz'nj to rule them aff, Cq;;» t/:ere “@ne mo([éf to

rule them aff, one model to
ﬁncf t/tdem, one model to

one rz'nj to ﬁnc[ them, one

rz'nj to ﬁrz'nj them all and in
the darkness bind them

ﬁame them all, and
ZZ””J”[][; the ?ef[oﬂ/&/{é']g (yf t/frouj/f ernergence bind
the &nj (%fk‘z'en, Iyyl). them. ”7

5/7/2024 Copyright © 2024 by Jawahar Bhalla 6



Motivation...

{4 b g R . ‘
Remember, always, that r W ﬁiﬂ \ Is there "One modef to

everything you know, and
evevyt[l\lng everyone kV\OWS, The scarcest resource is not oil, ru/é t/tdem a[/; one MOC[é[tO
metals, clean air, capital, labour, or

lS Ohlg a W\Odel Get QOMV' technology. It is our willingness to

model out there where it listen to each other and learn from ﬁthFem’ one m(y([éfto
can be Vl.ewed. lV\Vl.te Otl’\eV'S each other and to seek the truth

rather than seek to be right
to challenge your . ﬁame them all, and
assumptions and add their :
own.”’ - ) AZQUOTES t/zdroujﬁdemegence Eznc[

them. "7

Donella Meadows : Thinking in Systems
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Structure & Acknowledgement &
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“Remember, always, that
everything you know, and
everything everyone knows,
is only a model. Get your
model out there where it
can be viewed. Invite others

cff there “@ne model to
rule them aff, one model to

ﬁn([ t%m, one model to

to challenge your ﬁame them all, and
assumptions and add their > i bind
own.” through emergence gin

Donella Meadows : Thinking in Systems
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Systems

Models in SE )

C.

Stakeholder \

Subsystem 1
Specification

System/Subsystem
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(HWCI)
Item
Specification

Product

Specification
“EventB_____——

Material
Specification

n | StateB

State Transition '
I;ventA

Evérjt D

Event C

T StateC |
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Categorising

Thinking Systems Models

1,
@

A “MoSM”
Construct

\
é’
S S

MODg, »
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System
Specification

System/Subsystem
Design Document

Interface
Requirements
Specification

Subsystem 2
Specification

Interface
Design
(CSCl) Document
Software
Requirements

Specification

Interface
Requirements
Specification

Interface
Design

Document
Software

Design
Document

Design
Drawings
Parts
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Document

SE has always been
“Model-Based”



Concepts Systems Categorising A “MoSM” Key

from Mé&S Thinking Systems Models Construct Points

SysML Modelling Languages

Diagram

A

Behaviour Requirement Structure
Diagram Diagram Diagram

.. Block Int I
Activity Sequence Stat? Use Case .O.C. nterna Package
Diagram Diagram Machine Diagram Definition Block Diagram
8 8 Diagram g Diagram Diagram g

Define various kinds of elements that enable the visualization
and communication of essential aspects of a systems’ design -
structure, behavior, requirements and parametrics.

Parametric
Diagram
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Systems Categorising

. . e Loncepts
Models in SE 3
Systems Models

from M&S ThinkRing

A

Mixed Model

Physical Model

Digital Model

f

Formal Model

Informal Model

(Informal)
Diagram

Logical Quantitative Geometric Surrogate
Model Model Model Model
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Concepts

from M&S

What is a Model? What is a Simulation? What is a Simulator?

A Model is a Physical, Mathematical or Logical abstraction (of a System, Entity, Phenomenon, Activity or

Process) for a particular purpose (i.e. a suitable representation)

A Simulation is an Enactment (Method of Implementing) a Model over Time

Image Credit — giphy.com

A Map (model) of Japan

0 1540w 07.07% o
l St 00078

Real-Time GPS navigation
(simulation) using “map models” L N

A Slmulator = The Tool that Executes the Slmulat|on

lele] red/t M/chae/ Gaida (Plxabay) »

-1
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Concepts Systems Categorising A “MoSM” Key

from M&S Thinking Systems Models Construct Points

What is a Model? What is a Simulation? What is a Simulator?

A Model is a Physical, Mathematical or Logical abstraction (of a System, Entity, Phenomenon, Activity or
Process) for a particular purpose (i.e. a suitable representation)

All models are wrong, but some are
useful.

— Ge.&/zge, E P Bex — -
N i e

AZQUOTES

A Slmulator-) T e Tool that Executes the Slmulatlon

5/7/2024 Copyright © 2024 by Jawahar Bhalla 13




Vodels in S Concepts Systems Categorising A “MoSM”
Models in S . e . - . : o
from M&S [hinking Systems Models Construct

is a Physical, Mathematical or Logical abstraction (of a System, Entity, Phenomenon, Activity or
Process) for a particular purpose (i.e. a suitable representation)

Image Credit — Jan Vasek from Pixaby

(3

‘ . N/ ma ge Credit — engineering.com

VR (Simulated Environment) (Real Environment) AR

A Simulator & The Tool that Executes the
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Viodels in SE Systems Categorising A “MoSM™
Models in SE oy o1 NN
[ hinkRINng >ystems Models Construct

Scenario Participants = @/mageaedn-mfa 3

)

TATE LR

e Credit — Skeeze from Pixaby

Real Participants Simulated Participant/s

operating in a real-world subjected to a real-world
environment environment

Real Participants Simulated Participants
operating in a simulated operating in a simulated
environment environment
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c
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=
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Concepts Systems Categorising

from M&S T'hinkRing Systems Models

Re-« ¥ articipants S nulated Foautipant
0| er7firg in a real-w« rid su ljected to a rxa'-wc o
STIVITUTITTIETIU environme. \t

) JOINT/INTEGRATED

BLENDED/MIXED

LIVE-VIRTUAL-CONSTRUCTIVE

(HUMAN-SIM) or
aticien S mulger ici ;

Regl P. Cip nﬁs [r: le. r’artI|C|pants IL\/C(R)
operating in a sia!=2 80 OF ~7aang in a simulated

environment l anvirgnment
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Typical Example of VIRTUAL
and
AUGMENTED REALITY (VR/AR)

Scenario Environment




Systems Categorising

RINg >ystems Models

Frequency
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\

ay p’undout.cow\

EMERGENCE
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Systems Categorising

RINg >ystems Mod

\

Frequency
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Brightness m
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>ystems
Moaels in S A
hinkINg Systems Mode

o
lift Floor Tone [l L - 2
— Home Theatre

b

5 P
%“\3‘\ e

[ - -

Amplitude J__ Fixed-On Fixed-On/Off Variable Range Fully Replicated
L - l_ L

~ -

Frequency J- Fixed-Pitch L\ Representative Sensed Range | Fully Repllcated J
A e

Direction Mono-Phonic Stereo-Phonic Stereo-Surround Fully Replicated
! I |\ _L _l
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Concepts Systems Categorising A “MoSM” Key
from Mé&S Thinking Systems Models Construct Points

Fidelity = Concept of “Goodness” or “Suitability” of a Model

Breadth of Scope (Forms, Properties, Functions) / Depth of Resolution (Granularity)

Lift f por Tc ie , - gl& _ | Full light! mula.cor

Ho 1e Theatre >

e

2 A 0¥ , . =L
ol 000 , > da
o Sound

o™

75
N,
RN ;,'

Amplitude Fixed-On Resolution

A is a Physical, Mathematical or Logical abstraction (of a System, Entity, Phenomenon, Activity or
Process) for a particular purpose (i.e. a suitable representation)

L e
Direction Stereo-Phonic Stereo-Surround Fully Replicated Resolution
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Concepts Systems Categorising A “MoSM”

Key

from M&S ThinkRing Systems Moaels Construct Points

Peter Senge =2 “Systems Thinking is a
, a and that have

been developed over the past fifty years, to
HONCEE e , and to help to
something now!

Symptomatic
“Quick Fix”
Symptom -

ctive “Fire Fightine
Correcting Qe §hting
Process

Problem Balancing Symptomatic
Symptom Cycle “Quick Fix”

Temporary
Symptom
Relief

Temporary B » Symptom .
. alancing g Unintended
To manage a system effectively, you i Cycle sl Consequences
might focus on the interactions of

the parts rather than their behavior
taken separately.

“Band-Aid” Solutions

Emergent Longer
Term Side Effects

— Russell £, ﬂdw# —

Holistic 4 Cause :
Problosn Balancing e Undermine
AZQUQTES : ek " i
Correction Process

Root-Cause” Solutions

Unintended
Consequences —

Make the Original Sofufgif:al
5/7/2024
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Concepts
from M&S

Symptom
Correcting

’ Process .

Problen

Symptom < Fix”

HOWR 3

Temporary
Symptom
Relief

Unintended

WHY?

5/7/2024

.

Systems Categorising
Thinking Systems Models

A “MoSM”
Construct

Peter Senge =2 “Systems Thinking is a , a
and that have been developed over the past fifty years, to
, and to help to o

Personal view =2 Systems Thinking is a
to of the world we live in, that helps us deal
and effectively with the challenges we perceive and to

Copyright © 2024 by Jawahar Bhalla



Concepts Systems
Models in SE \r) /
from M&S

(@)

,
(\g’

Categorising A “MoSM” Key
Systems Models

Points

Thinking

MODZg,
Wes ELy

Construct

o(
Font

Peter Senge =2 “Systems Thinking is a

, a
and that have been developed over the past fifty years, to

, and to help to

”

_ ,ITERNS OF BEHAVIOUR

Antici afemds are there over. time?
P JL

i SYSTEMS STRUCTURE,

“1aw are the parts related?
Des'/_qn nfluences the patter

\; Personal view =2 Systems Thinking is a
|.I l ' >

to
Wha values assumptlons

of the world we live in, that helps us deal
| ) and effectively with the challenges we perceive and to
Transfor'm/hape the system? .

— Y

5/7/2024
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Concepts Systems Categorising A “MoSM” Key
from M&S Thinking Systems Models Construct Points

WHA P-w It’s all happening below the surface....

Models in SE

atis haé'pe ing?
3 \"\N

S— M

EVEN,T%\

PATTERNS OF B_EHAVlO_I_.UR Behaviour / Dynamics S
Anticipateinds are there over time?

_HOW? Frameworks / Architecture MODELS

(| SYSTEMS STRUCTURE/
‘'aw are the parts related?|

. _ Composition Classification Communication
035/9/7 Afluences the patterns?

(Aggregative) (Hierarchical) (Schematic)
MODELS MODELS MODELS

Transformative
MODELS
S13A0IN
dAljewIojsuel)

MENTAL MODELS

\/\/hat values, assumptions, bellefs
Transformhape the system? WHY? Mental / Conceptual MODELS

P— ™

__________________J
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Concepts Systems Categorising A “MoSM”

Models in SE
J./ OC i) JIJ >1 = r o of " 3 3 of 1 \ L i
from M&S [hinking Systems Models Construct

A

Knowledge . Efficiency

Wisdom " X Effectiveness

Wisdom e oo Wisdom

Understanding Explanatory

”n

Instructive

Knowledge Instructions — “how-to

Y
4

ed Data —"who, where, when, what, ho ny” Descriptive

‘1 I
Data Raw - Smbols Properties Meaningless

Efficiency is : e, Effectiveness is
Doing things right KNOWLED.GV WISDCRy Doing the right thing

EFFICIENCY

ne
-~
~

Information

Mental Models are deeply ingrained assumptions,
generalizations, or even pictures of images that influence how we

understand the world and how we take action.”- Peter Senge

Mental / Conceptual MODELS
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Concepts Systems Categorising A “MoSM” Key
from M&S ThinkRing Systems Moaels Construct Points

“Autopoiesis’

i
“When one human being tells
another human bering what is real,
they are actually making a demand

for obedrence”’ — Humberto

Malurana
KNOWLEDGE Vs WISDOM

Effectiveness is
Doing the right thing

Efficiencyis
Doing things right

Only love expands intelligence. To

Santl.ago tl"\eory OF Cogl’\l.fl.OV\ / ~— live in love is to accept the other “We doy\"t erce"ve tl,\e World We
t(-rhe ll'v"ng SySteW\ V‘eaCtS Wl.th “ts "‘. e ‘ and the conditions of his existence p

as a source of richness, not as .
ey\v,roy\mey\t to by“y\g Foy‘tk a sense OF 'en B8 opposition, restriction or limitation. on See’ We See the Wor{d We

N = 50 _ 2
awareness....”" — Humberto Maturana .a;' ;- b — no perceive Humberto Maturana

AZQUOTES
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Concepts Systems Categorising A “MoSM”
from M&S ThinkRing Systems Models Construct

WHAT?
Wisdom /\H\ Wisdom

Understanding Explanatory

Knowledge I [ - Instructive

W  pafTERNS OF BEHAVIOUR N

Anticipate)are thete gv~-+teal
Y e——— tow? I

Data Meaningless
— _ SYSTEMS STRUCTURI: . _
Efficiency is A+ ~are the parts related? | S Effectiveness is

Doing things right | Des'/_qn 2nees Ghe pattern ? Doing the right thing
\ e
Santiago theory of cognition -_ e ; ‘
“The liviv?g systemﬂ reactg with its KLME._NTAL MODELS we dontp ercelxe the {\Zorld we
environment to bring forth a sense of IUIRZE valugs, assumptighe PEREIS see, we see the world we
| e ) )
awareness....” — Humberto Maturana [ Transformgjhe syst  WHY? perceive” - Humberto Maturana

"

Information Descriptive

Mental / Conceptual MODELS
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Concepts Systems Categorising A “MoSM” Key
from M&S Thinking Systems Models Construct Points

“Autopoiesis’

' v Q“ =T
. T SENE s'u,op,dumsse sa_p|‘9A eyM .
Wisdom Irans for "y /(S'IEICIOV\I VNI WHY? Wisdom

4 )

i UJaiJ,ed 3y} saouanjjul Jey

A J
DQS@H ¢pa3e[ad sped ay3 a1e MoK, w

Knowledge ’ smmomus SWMSAS HOW? Instructive

r
\ Aﬂf/CIpafe 10 21313 2.8 spual 1eq/ﬁ{—> ‘(

Information .-.n'nm\-lu:q 40 cnIMA |r|"«\=;,| ny” Descriptive

Understanding Explanatory

Data \, " T ) Meaningless

Efficiency is Effectiveness is
Doing things right Doing the right thing

Our Mental Models are our y : 4
“The living system reacts with its belief systems - of how we we cont P ae the the por'a we

environment to bring forth a sense of | perceive and interact with séé, we see tZ‘e world we
awareness....."" — Humberto Maturana the world around us... perceive - Humboerto Maturana

Mental / Conceptual MODELS
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Concepts Systems Categorising A “MoSM” Key
from M&S Thinking Systems Models Construct Points

WHA P-w It’s all happening below the surface....

Models in SE

atis haé'pe ing?
3 \"\N

S— M

EVEN,T%\

PATTERNS OF B_EHAVlO_I_.UR Behaviour / Dynamics S
Anticipateinds are there over time?

_HOW? Frameworks / Architecture MODELS

(| SYSTEMS STRUCTURE/
‘'aw are the parts related?|

. _ Composition Classification Communication
035/9/7 Afluences the patterns?

(Aggregative) (Hierarchical) (Schematic)
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Transformative
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Transformhape the system? WHY? Mental / Conceptual MODELS
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__________________J
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Models in SE

Frameworks /
Architecture MODELS

L

>
(¢}
o)
c
Q @
QO o
G g
- m
L :
) o
L e
=
(7))

Phase-In

5/7/2024

Systems Categorising A “MoSM™
I'hinking Systems Models Construct

Communication
Other Systems Infrastructure, Utilities )
%ﬁ - & Facilities (Schematic)
Constraining Systems MODELS

Operational Environmen’
—_— O —

Temperatures Threats

System of

— J Interest EM

Rain, Ice, — Chemicals
Snow, Dust Immersion

Disposal Enabling MS
\_—’/ &/

Enabling (Management) Systems

Phase Out
Support (Sustain & Evolve) Enabling MS

/. Use 4 . Maintain Modify
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Concepts Sjs'cem; Categorising A “MoSM” Key
l,

.
Models in SE ~

IviOGEIS I o . a . 1
from M&S ThinkRing Systems Models Construct Points

Frameworks / Communication
Architecture MODELS T2 =4 INED RACTlNG" SYSTEMSsas (Schematic)

MODELS

Operational Environmen’
— e Y

Temperatures Threats

A OF 1) )

Environment

Rain, Ice, Chemicals

@

Humidity

é
:
é

)
=
L
—
)
>
)
O
=
O
P
L
>
—l
L
=

SIN Buljqeu3 uonisinboy
Disposal Enabling MS

Enabung (vlanagement) >ystems
I
“ENABLING” SYSTEMS :

---------------------------J
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Concepts Systems
Thinking

Categorising A “MoSM”
from M&S

i;
Systems Models

MODg

o(
( ’\J()\X

Construct

Frameworks / - ] :
Architecture MODELS A Compositional (Aggregative) Systems View

Composition
(Aggregative)
MODELS

System

Constraining Enabling Heritage
of / Systems (Management)
Interest

“‘parent”
Systems Systems )

L

Other Systems 3.1 é\caqbl;ii::i Qchitectureb
& :%:? -

|
L

Support Use GChnObgiD
(Susiees &\I\lllaintain
Sub-Systems érastructure, Utilities ;) Eng‘éﬁ.'l';}w\'m o0
— & Facilities ) -

(Standards)
- |

™~

“Operating” “Interacting” “Enabling”

e —
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Concepts Systems Categorising A “MoSM” Key
from M&S Thinking Systems Models Construct Points

WHA P-w It’s all happening below the surface....

Models in SE

atis haé'pe ing?
3 \"\N

S— M

EVEN,T%\

PATTERNS OF B_EHAVlO_I_.UR Behaviour / Dynamics S
Anticipateinds are there over time?

_HOW? Frameworks / Architecture MODELS

(| SYSTEMS STRUCTURE/
‘'aw are the parts related?|

. _ Composition Classification Communication
035/9/7 Afluences the patterns?

(Aggregative) (Hierarchical) (Schematic)
MODELS MODELS MODELS

Transformative
MODELS
S13A0IN
dAljewIojsuel)

MENTAL MODELS

\/\/hat values, assumptions, bellefs
Transformhape the system? WHY? Mental / Conceptual MODELS
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__________________J
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Concepts Systems Categorising A oSM” ey '
Models in SE r,m,j,):i -)‘/‘)‘lj{n, . ,I,Ju- Orising | J/J‘JJJ/J‘ ;Aj/‘ || Q<
from Mda> I hinRINg >ystems Models Construct Points

Machine Learning
MODELS

o

Ji
Symptomatic

Behaviour / Dynamics o
“Quick Fix”
MODELS qeactive “Fire Fight,’ng,,

| A : 1 Temporary
) P Symptom
e o T i elie Cycle
Anticipate E'V': STRUCI HOW? .
~oW are the parts relavec... /_/ “Band-Aid” Solutions

iWhat influences the patterns? Problem
! e Symptom
__________ ——

Symptom
Correcting
Process

Unintended
Consequences

Emergent Longer
Term Side Effects

causal Understanding
Holistic

& MENTAL MODELS{
eliefs Correction

‘ Systems Dynamics and

What values, assumptighs, , Operational Analysis
shape the system? Root-Cause” Solution®  ~35% MODELS

Fundamental
Solution
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Concepts Systems Categorising A “MoSM” Key
from M&S Thinking Systems Models Construct Points

WHA P-w It’s all happening below the surface....

Models in SE

atis haé'pe ing?
3 \"\N

S— M

EVEN,T%\

PATTERNS OF B_EHAVlO_I_.UR Behaviour / Dynamics S
Anticipateinds are there over time?

_HOW? Frameworks / Architecture MODELS

(| SYSTEMS STRUCTURE/
‘'aw are the parts related?|

. _ Composition Classification Communication
035/9/7 Afluences the patterns?

(Aggregative) (Hierarchical) (Schematic)
MODELS MODELS MODELS

Transformative
MODELS
S13A0IN
dAljewIojsuel)

MENTAL MODELS

\/\/hat values, assumptions, bellefs
Transformhape the system? WHY? Mental / Conceptual MODELS

P— ™

__________________J
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pts Systems Categorising A “MoSM” Key
: Thinking Systems Models Construct Points

Needs Requirements Preliminary W Detailed Design Acceptance & Utilisation
Assessment l Elicitation l Design ¢’ &Development Transition to Use Through Life

P

) L‘ ) |
“Conceptual Integrity” “Implementation

of the S-O-I Integrity” the S-O-I

“Design Integrity”
: of the S-O-I ﬁ?
| f

N

A Efficiency (Verification)

L Architecting the Model/s Right !
Essence of Engineering Systems

Conceptual Functionalmysical Model Tangible

Model of the Sol Complete Model of the Sol Correlated of the Sol Consistent (Fielded) Sol
[C-SBS] [F-SBS] [P-SBS] [As-Built]

Cc
(0
N
Cc
E
P
T

<=-=-r—W>»T>0
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Concepts Systems Categorising A “MoSM”

Models in S.
IVIOGEIS IN > . S 3 ~ 1 \ .
from M&S allgl=digle] Systems Models Construct
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MODE
~\

Needs Requirements Acceptance & Utilisation
Assessment Elicitation Transition to Use Through Life

‘ l' T E 'EVEN,T&
)| ) 3 S
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Concepts Systems Categorising A “MoSM” Key

Models in SE
Models in SE . e S - s "
from M&S [hinking Systems Models Construct Points

Applying “Engineering Wisdom” to Engineer Systems

We must then apply this SE Wisdom to architect desired systems through
definition and realization, employing personal SE Wisdom and best practice

SE information and knowledge systems reference models to deliver efficient

and effective fielded, safe, secure and sustainable systems.

Requisite “SE Wisdom”

To Engineer systems, we must first have the requisite “SE Wisdom” (i.e.
mental models established through verified and validated experiential
learning) to enable understanding and transformation of desired conceptual
needs into safe, secure and sustainable systems.

Building “Engineering Wisdom” through Experiential Learning
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Applying “Engineering Wisdom” to Engineer Systems

We must then apply this SE Wisdom to
architect desired systems through definition and
realization, employing personal SE Wisdom and Reference Dynamic Properties

best practice SE information and knowledge & Behaviour Models
systems reference models to deliver efficient Reference Physical
and effective fielded, safe, secure and Architecture

Sustainable systems. Reference Conceptual
Architecture

Reference “SE Wisdom” Models

Engineered System

To Engineer systems, we must first have the
requisite “SE Wisdom” (i.e. mental models Representative “Representative”
established through verified and validated Architectures
experiential learning) to enable understanding A BT
and transformation of desired conceptual needs Properties & Behaviour Models

into safe, secure and sustainable systems. Represented System é

Systems Models

Building “Engineering Wisdom” through Experiential Learning
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Building “Engineering Wisdom” through Experiential Learning
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Motivation...

“Remember, always, that
everything you know, and
everything everyone knows,
is only a model. Get your
model out there where it
can be viewed. Invite others

cff there “@ne model to
rule them aff, one model to

ﬁnc[ tffem, one model to

to challenge your ﬁame them all, and
assumptions and add their ( ,
own.” through emergence bind
them. 7

Donella Meadows : Thinking in Systems
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Systemic and Systematic — Doing the Right Job R

Elevate the application
and understanding of the
Engineering of Systems
and the relative-standing
of Systems Engineers

Enabled by Systems Thlnklng (GAS)
!- N

5 y.s'fems Engineers enable the and realization,
sustainment and retirement of complex capabilities!

Efficien
e 7 T el R T
| A Compllmentedb Modellmg&SlmuIatlon

M d &

The foundational responsibility of Systems Engineers is to maximise the right emergence while minimising the
wrong emergence and associated unintended outcomes in the engineering of systems through Systemic Thinking,
complimented by Modelling and Simulation
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