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AS-761 — Model-Based Systems
Engineering (MBSE)

Engenharia De Sistemas Baseada Em Modelos

2025 - Prof. Dr. Christopher Shneider Cerqueira (chris@ita.br) // Prof. Dr. Guilherme
Conceicao Rocha (grocha@ita.br)



- Prof. Dr Christopher Shneider Cerqueira

* Quick Background Presentation

e Bornin SIC

* Industrial Informatics Professional Technical School

(ETEP — 1998-2003)

. Computer EngiKeer 2 AR Researcher (UNIFEI —

2005-2011)

* Space Engineering and Technology Master (INPE —
2012-2014)

e Space Engineering and Technology PhD (INPE —
2014-2018)

* Systems Engineering / Aerospace Engineering
Professor (ITA —2018-now)

chris@ita.br
Room 2011 // Lab CONCEPTIO (1523)

Let's be friends in Pokémon GO! My Trainer Code is 512244814898!
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AS-761 — Model-based Systems Engineering

* Concepts and principles of systems thinking and Systems Engineering.
Digitalization of Systems Engineering. Classical language of Systems
Engineering. SysML. Reactive Systems. OPM. Arcadia Methodology.
Problem Domain: Context Analysis and Systemic Intervention. Solution
Domain: Conceptual Modeling, Conceptual Architecture, Verification and
Validation and Concrete Architecture. Document Generation. Trends.

e Literature:

* SEBoK Editorial Board, 2022, The Guide to the Systems Engineering Body of
Knowledge (SEBoK), v. 2.7, R.J. Cloutier (Editor in Chief). https://sebokwiki.org/

* DORI, D. Model-Based Systems Engineering with OPM and SysML. Springer, 2016

* VOIRIN, J.L. Model-based System and Architecture Engineering with the Arcadia
Method. Elsevier, 2017. ISBN 978-0-0810-1794-4.

 FRIEDENTHAL, F., MOORE, A., AND STEINER R., 2015. A Practical Guide to SysML:
Systems Modeling Language. 32 Edicao. Elsevier. ISBN: 9780128002025.
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 Level 2 — Group Case (Report-Presentation) (50%)

* Group report with the use of MBSE on a Practical Project.
(25%)
* Presentation (25%)

* Level 1 — Final Individual Exam (30%)
* Final quiz (30 questions )

* Level 0 — Quizzes (20%)
* 6 quizzes w/ 10 questions each.
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Urban Air Taxi Service -
Provide short-range
passenger flights within a
city.

Offshore QOil Platform
Transport - Carry workers

and cargo between
mainland and oil rigs.

Emergency Medical
Evacuation (eMED) - Rapid
extraction of patients
from accident sites to
hospitals.

Airborne Firefighting
Support - Use eVTOLs to
monitor and support
firefighting operations in
forested areas.

Police Surveillance and
Crowd Monitoring - Use
eVTOLs to support public

safety during large events.

eVTOL related themes (Use Cases)

Last-Mile Package Delivery

- Deliver packages from
urban hubs to customer
rooftops or delivery
stations.

Luxury eVTOL Charter

Flights - On-demand air

travel for VIP clients in
urban and regional areas.

eVTOL for Infrastructure
Inspection - Inspect

bridges, power lines, or

pipelines autonomously.

Military Reconnaissance
eVTOL - Deployable
unmanned eVTOL for
battlefield surveillance.

Rural Medical Supply
Drops - Deliver essential

medicines to remote
clinics.




Some thoughts before start...



Emerging skills Core skills in 2030

Less essential now, but axpected 1o ncreass in use Core now and expected to incraass in importance
Al and big data
Networks and cybersecurity Tachaciogical Meracy
70 . Ol . ‘ e A rg
Curiosity and lifelong learn: @ Resilience, fiexibility
Taletnmanagemem\ and agiity
. Leadership and @ Analytical thinking

Share of employers expecting increasing skills in use by 2030 (%)

= Market R Empathy and active listening
o . ‘ andliga Teaching and Service orientation and
i . Quality contrdl Resource management
.. Sl exmsti @ | ® and operations
Mutti-lingualism
@ Sonsory procESSg | peeciig, wiliig. Dépendability and attention to detail
‘ and ematics
10 ® Manual dexterity, endurance and precision -
Out of focus skills Steady skills
Less essential now, and not expected to increasa in use Care now, but not expected to increase in usa
Share of employers considering as a core skill in 2025 (%)
1
mm Cognitive skills Engagement skills == Ethics = Management sklls 3

mm Physical abilities mm Seif-efficacy =R Technology skills = Working with others https://reports.weforum.org/docs/WEF_Future_of_Jobs_Report_2025.pdf
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Cyber Domain
urewoq awiey

NATO - MultiDomain Framework + Social

1

https://www.act.nato.int/article/mdo-in-nato-explained/ 6

https://sebokwiki.org/wiki/System_Resilience



https://historyofeducation.net/2024/03/10/the-seven- "7 s
liberal-arts-part-1-tools-for-learning/ ~;_:-“', SA 0
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‘things as-it-is
symbolized”
(MB)SE language symbols

“things as-it-is

known”
(MB)SE language diagrams

(MB)SE'’s single source of truth

RHETORIC

“things as-it-is
communicated”
(MB)SE model

Systems Engineering is (should be) the Engineering lingua-franca

17 https://en.wikipedia.org/wiki/Lingua_franca



SysML Vx (and variants)

=t

~ ISO/IEC
= 19514:2017

Information technology — Object
The whole does more management group systems
modeling language (OMG SysML)

than the sum of the parts /
=a
Subsystem A System
i & /’/ Read sample Published (Edition 1, 2017)
(subsystoms) )
Sw- suoqémm hekd togethar

Classic Representations

o by "glue”
B | SubsystemD | (integration) st
p—
Product Breakdown Ly V -".'-5;!&"‘ IR —— 2
Structure (PBS) // O\ ‘ = =
o e aysiem: = UML Capella

TRTHATT ons.

_ e =

Work Breakdown
Structure (WBS)
All work components

'nocessary 10 produce
a compléte system

e

l
c 1 L o International .
B H EE 0 = ISO 19450:2024
ST | o pln e
The whole takes more work Automation systems and integration — Object-
- Process Methodology
M | S a =
P s
OPM N , Carg
Crew
- ) [
)
- Store
c’ [ "u Amm Transportation.
Read sample Gorgo Tramsporing yts Highatg R 001,
o aeetng Rea Adbome Carg Transgoraton ;'m"m‘l':“wﬁ'

Modellica o T s OpCloud

Mathworks (System Composer)

from origi 1o destination.

. as well as Cargo Transporting
9_Req 001

H_Nowd_001 exhibits Mark
Cargo Transporting exhibits Markes Traceabilty

g, Store, and Crew Configus
‘management

Model-Based Systems Engineering lor !lrcra! !e5|gn m! !ynamlc !anding Constraints Using

Object-Process Methodology , AIAA Scitech 2019 Forum

Disclaimer: State of Practice, to include on lectures, | would go with SysML / OPM
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-+ What is a System?

A systems a

<set, combination, group, collection,
configuration, arrangement, organization,
assemblage, assembly, ensemble [10]>

of

<parts, components, elements, objects,
subsystems, entities [6]>

<combined, integrated, organised, configured,
arranged [5]>

in a way that
creates, enables, motivates [3]>

<properties, functions, processes, capabilities,
behaviors, dimensions f6]>

not
<possessed, exhibited, presented [3]>
by the
<separate, individual, single [3]>

<parts, components, elements, objects,
20 subsystems, entities [6]>

= 1 Emergenece Emergence:
Aristotle Conceiving S~ The Vehole Is More
(382-384 BC) Than The Sum Of The
Parts
Reductionism
Descartes Conceiving (17th Reductionism: Rapid

Century AD) >>  Progress In
Experimental Physics,
Biology, Medicine

Carnot Systems In Q
Thermodynamics
——— Conceiving (1824 >> $¥Z:Ie‘nr23;lnsaenll?cs
Clausius Environment
Conceiving 5 — &
(1850) nvironment Concept
General Systems Q
=t gty Cengahing >> General Systems
_— 1948) Theory
XVif‘rI;er & Cybernetics Q
shby Conceiving ;
—— (1948 & 1956) >> Cybernetics
i Q
Miller Living Systems e
—_—] Conceiving (1978) Living Systems
Complex Adaptive Q
Allen & A Complex Adaptive
Holland Systems Conceiving Systems

(1986 & 1995)

Defining “System”: a Comprehensive Approach.
27t Annual INCOSE International Symposium. 2017
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~ What is Systems Engineering?

Systems Engineering is a transdisciplinary approach and means, based on systems
principles and concepts, to enable the successful realization, use and retiral of
engineered systems.

It focuses on

establishing stakeholders’ , and defining actual or
anticipated customer needs and required functionality early in the development cycle,
establishing an = _ and process approach considering the
levels of complexity, uncertainty and change

documenting and and for each phase of

the endeavour
proceeding with
while considering the and

SystemsIEdngineeIring provides facilitation, guidance and leadership to integrate all the disciplines and specialty groups into a team effort forming an appropriately structured development process that proceeds from concept to production to operation, evolution and
eventual disposal.

Systems Engineering considers both the business and the technical needs of all customers with the goal of providing a quality solution that meets the needs of users and other stakeholders and is fit for the intended purpose in real-world operation, and avoids or
minimizes adverse unintended consequences.

A fresh look at Systems Engineering — what is it, how should it work?
28t Annual INCOSE International Symposium - 2018
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Agreement
Processes

SECTION 2.3.2

Acquisition
SECTION 2.3.211

Supply
SECTION 2.3.2.2

S

Life Cycle Model
Management
SECTION 2331 T

Infrastructure
Management
SECTION 2.3.3.2

Portfolio
Management
SECTION 2.3.33

Human Resource
Management
SECTION 2.3.34

Quality
Management
SECTION 2.3.3.5

Knowledge
Management
SECTION 2.3.3.6

Organization
Project Enabling
Processes

SECTION 2.3.3

Technical Management Processes

Continual planning, assessment, and control
across all processes and life cycle stages.

e e N b b SECTION 2.3.4
. | T Project Project : Decision ' Risk Configuration Information  Measurement Quality
Planning Assessment & | Management = Management Management Management Assurance
: Control ! ]
SECTION 2.3.41 SECTION 2.3.4.2 | SECTION 2343 | SECTION 2.3.4.4  SECTION 2.3.4.5 SECTION 2.3.4.6  SECTION 2.3.4.7 SECTION 2.3.4.8
B | Invoked by
il : processes
S e : as needed — oep‘oyment
= ept Defip; | throughout ,
4N ¥ o . lifecycle ‘;‘4&“ Uy
----- Business or Mission : . Operation
Snmcysis i it Technical Processes SAKHON 22 512
SECTION 2.3.51 ; y
@ | SECTION2356 SEEIRMEIA 3 Transition @Ssa?sﬁ?:lsu
e erereueeee - ECTION 2.3.5.10 ]
Stakeholder Needs and De Maintenance
Requirements Definition em ﬂhl Realj SECTION 2.3.5.13
SECTION 2.3.5.2 1"" Uy, ’5"‘;‘“ zal'lo
S ]
System System T v
S— Requirements Architecture Ss\ﬁl"f';azt';'; sMs 2’;2‘::;';"5“ e
P — — Definition Definition i . i
I SECTION 2.3.5.3  SECTION 2.3.54
{ -
@ Implementation Integration
SECTION 2.3.5.7  SECTION 2.3.5.8
Design —. - Concurrency
Definition DY Sy @3 |« Iteration
SECTION 2.3.5.5 g 5
Recursion
\ ‘ ’ J

FIGURE 2.10 System life cycle processes per ISO/IEC/IEEE 15288. INCOSE SEH original figure created by Roedler and Walden. Usage per the INCOSE Notices
page. All other rights reserved.



Technical Management Processes

System of Interest

r <X
System of Interest Technical Management Processes ° Technical M: Processes
Elements L ‘ : '
Clevener |
X /

-
f..‘
's‘ssg

LR ]
) — 020 | |0S.0| 850
G L oF LT H

FIGURE 2.12 Concurrency, iteration, and recursion. INCOSE SEH original figure created by Roedler and Walden. Usage per the
INCOSE Notices page. All other rights reserved.
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-+ \We know the basic SE Framework

A (]
N~

Stakeholders
(MoEs)

>

\ / Lifecycle

CONOPs

1 x Requirements Synthesis

o o
L aEdi
.- h ﬂﬁ;{f]

Functions Elements



Pre-A A | B | C D | E |F R
| | | |
Viability Operation
Studies
Concept

Development

Assembly
Integration
Tests



CONOPs

Pre-A | A B | C 0 | : u
| | | | -
\/
viability Operation
Studies
——————System Design
_ Assembly
Subsystem Design Integration

Component Design

Tests




CONOPs
Prg-A | A | B | C D | E F
| | I
e\
N A\ Operation

Viabi!ity aed \(©
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- Decompose
—————System Design LA
| Y\ Assembly

system Design /ﬁx Integration
onent Dﬁsigry / Tests

Evaluate the organizations

—
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{ Decide how will be build
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Synthesis
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CONOPs
Prg-A | A | B | C D | E F
| | I
e\
N A\ Operation

Viabi!ity aed \(©
Studies
- Decompose
—————System Design LA
| Y\ Assembly

system Design /ﬁx Integration
onent Dﬁsigry / Tests

Evaluate the organizations
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Classic Representations



~# Reducing function: we are standard recognizers

https://www.psychologytoday.com/blog/the-athletes-
way/201311/what-is-the-human-connectome-project-why-should-
you-care
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= Cognition

Cognition is "the mental process of
acquiring knowledge and
understanding through thought,
intelligence, and senses". itencompasses

processes such as attention, knowledge formation, memory and
working memory, judgment and evaluation, reasoning and
"computing", problem solving and decision-making, language

comprehension and production. COgn itive
processes use previous knowledge to
generate new knowledge.

35

https://en.wikipedia.org/wiki/Cognition



- Each engineering has its own language
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The whole does more —
than the sum of the parts. Probability of Each Cutcome A /
A, - % ’
= 8635 /
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* Classic Representations

* Over the past few years, systems engineers have used some
graphical representations to present the functional and flow
characteristics of the system.

* The most common are:

« enhanced Function Flow Block Diagram (eFFBD),
* N2 (N-Squared) Chart,
 Block Diagram.



enhanced Functional Flow Block
Diagram



+ FUNCTION DEFINITION

* Function is the activity, operation, or transformation that causes or
contributes to performance.

* In designed systems, function is the )
which ultimately lead to the delivery of value.

* Function is executed by form, which is instrumental in function.

* Function emerges from functional interaction between entities. Function
is a product/system attribute.

FUNCTION

* Function is about activity, in contrast with form, which is about existence.

40



- Functional modelling

* Functional modelling in Systems Engineering is a structured
representation of functions (i.e. activities, actions, processes, operations)
within the modelled system.

* The purpose of the function model is to describe the functions and
processes, assist with discovery of information needs, help identify
opportunities and

In Systems Engineering, a function model is created from a
functional modelling perspective.

41
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FUNCTIONAL ARCHITECTURE

42

Functional architecture

 The functional architecture is (usually) a of
system functional and performance requirements.

* The architecture will show not only the functions that have to be
performed, but also the logical sequencing of the functions and
performance requirements associated with the functions.

* The produced by the Functional Analysis and
Allocation process is the detailed package of documentation developed to
analyze the functions and allocate performance requirements.
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“# From CONOPs (1/2)

Takeoff

with cargo

GATHERING FUNCTIONS

43

Autonomous takeoff
is integral to
Rotomotion’s control
package, but requires
proper calibration of
Sensor gains.

Transport
Cargo

Autonomous
hovering and GPS
waypoint navigation
is integral to
Rotomotion’s control
package, but requires
a collision avoidance
system for true safety
of flight.

The cargo must be
lowered at sufficient
speed to avoid
possible buildup of
oscillations.

Stable hovering is
especially important
while unloading the
UGV.



Lower Land with
Empty Tray Care

)
Z
O
P
S
[N
o
<
o
w
=
<<
0

The cargo must be (6) GPS Stable hovering is (9) Raise Tray Autonomouslanding
raised at sufficient Waypoint especially important (10) GPS isintegral to

speed to avoid Navigation & while loading the Waypoint  Rotomotion’s control

possible buildup of (?;’E: f:il:;::y UGV. Servoing of I;:;’i?ﬁ::ﬂf package, but requires
oscillations, butless UGVinto the tray identification of

weight during raising requires accurate proper landing zone
means less risk. sensors and failsafe through sensor

tray design. systems for truly

44 reliable landings.






Planetary Defense Program

[ Planetary Defense ]

[ 1. Detec:t Threat ]

[ 2.Eliminate Threat |

1.1 Coordinate Assets

~

1.2 Monitor Sky

1.3 Confirm Sighting(s)

1.4 Determine Composition

1.5 Determine Size

1.6 Determine Velocity

1.7 Determine Orbital Elements

1.8 Run Simulation(s)

1.9 Establish Level of Threat

1.10 Decide on Action

[ 3. Re-evaluate Threat ]

-

2.1 Track Target

~

2.2 Run Simulation(s)

2.3 Prepare Delivery System

2.4 Prepare “Payload”

2.5 Implement Response

-

3.1 Monitor Impact

3.2 Ref. Detect Threat

3.3 Confirm Success/Failure

Functional Analysis Module ¢

Space Systems Engineering, version 1.0




anetary Defense Level 1 Functional Flow
ock Diagram For Threat Detection

1
| Ref. 3 !
1
' Reevaluate |
1
| Threat (b) !
| S - m=——-——-—-
i
———————————————————————————————— I— ———————— e e R e e e R e R R e e e e R R e e e e e e e e e e R e e e e e
1 v 1
! 1. Detect Threat : .
1
i ! 1.4 Determine _ '
' ! Composition i 1
1 ' :
1 X .
[} : 1
: v 1.5 Determine . :
! " Size " i
: 1.1 Coordinate .| 1.2 Monitor .| 1.3 Confirm and and 1.8 Run .| 1.9 Establish :
. Assets i Sky "l sighting(s) Simulation(s) Level of Threat !
: 7y i .| 1.6 Determine o :
1 X " Velocity " 1
1 | A 4 |
1 1
| 1
: ! 1.10 Decide on :
: i | 1.7 Determine o Action 1
1 : "| oOrbital Elements " :
1 1
1
1 X 1
| : !
1 1 or 1
1 1
1 | 1
g -
1
1
Pt Foees !
! Ref. 3. ' Ref.
! Reevaluate | 2. Eliminate
! Threat (a) | Threat
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anetary Defense Level 1 Functional Flow
ock Diagram For Threat Elimination
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anetary Defense Level 1 Functional Flow
ock Diagram For Threat Reevaluation

3. Reevaluate Threat
Success Ref. D

etect
Threat (a
=
—()
1
S L
F re




The FFBD — Functional Flow Block Diagram

* The Functional Flow Block Diagram (FFBD) was developed in the 1950s by
TRW Inc., a U.S. defense contractor. TRW created the FFBD as a structured
method to represent the sequential flow of system functions, particularly
for complex aerospace and defense projects.

* In the 1960s, NASA adopted FFBDs to visualize the time sequence of
events in space systems and flight missions.



+ FFBD — Functional Flow Block Diagram

* The FFBD is a multi-layered, sequenced diagram of the functional flow of
a system.

* An FFBD usually defines the sequences and supports step-by-step
detailing of systems, but it can also be used effectively to define processes
when developing and producing systems.

* In the FFBD method, they are organized and represented by their

* A key concept in modeling is

that for a function to begin, the previous function or functions within the
"control” flow must have ended. For example, a "view targets" function
would logically not start until a "detect targets" function was completed.
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ffbd _Perform Command Center Fu ndion%

Ref.
Ref.
| Perform Geospatiall
Library Functions

FN.2.1

Check Product
Inventory

Command Center

Mot In Invento:

FN.2.4

Motify User Of
Estimated 5...

Command Center

FN.2.8

Get Product From
Inventory

Command Center

FN.2.2 FMN.2.3
L Determine
Prioritize Request Callector Mix

Command Center

Command Center

FN.2.5

FN.2.6 FN.2.7
Accept And Put Product In
Format Collect... Inventory

Command Center

Command Center

Task Collectors

Command Center

Ref.

Ref.

| Perform Geospatiall
Library Functions




& Symbology

* A function must be represented by a rectangle containing the function title
(a verb followed by a noun) and its unique number.

F1

[Fanction Number] &”] 1

: . Action Verb followed
Pt bx 3 Nomn Phrase Display Instructions

[Function Number] F1
4 Reference Function ——p

[Function Title]
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= Functional flow

* A line with a single arrowhead should represent the functional flow from
left to right.

Directed line from
preceding function.

[Function Number]

— [I_-nnct-” n Titk] —

Directed line to
succeeding function.
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Logical conditions: and

* A parallel construct consists of an
AND node, followed by separate

branches that rejoin and terminate at [ coreurrensy)
another matching AND node.

e Each branch can contain any number
. * Function A
of functions and control constructs. :

* When executed, the first entity on
each branch will be enabled at the y
same simulation clock time. The [ et }@D @D*[ et ]
construct cannot be exited (from the

second AND node) until all branches
have completed their processing.

* Control is then passed to the next

k4

Function B

function or construct after the parallel
construct.



X )
&
s 5

-+ | ogical Conditions: Exclusive OR (XOR)

=

e A select construct consists of an OR

node followed by multiple ——
branches that rejoin at a matching

OR node. Each branch can contain
any number of functions and > Function A

control constructs.

* In contrast to a parallel construct in )
. Ref. OR
which all branches are executed,

with a select construct only one

branch is executed. Thus, the select
construct is an exclusive OR.

> Function B




|

-+ | ogical conditions: or inclusive

* Inclusive OR: A condition in which one, some, or all of the preceding or
successive multiple paths are required.

Function #2

Function #3

=~ Function #1 <CEE>

Function #2

Function#3
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- ‘ 2
= ."}é effbd Loop I

;

Exit 001

* A loop construct consists of a pair of LP

nodes that enclose a branch and are
connected with a loop back line. The
branch can contain any number of
functions and control constructs. These

will be repeatedly executed in sequence.

The branch will typically contain a loop
exit construct to conditionally exit the
loop construct. Without a loop exit, the

loop construct becomes an endless loop.

The loop exit construct provides the
mechanism for exiting a loop. When the
loop exit construct is encountered, the
innermost loop is immediately
terminated, enabling the construct or
function following the loop.

Exit 002

effbd Loop I
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Abbreviations/Notes:

“And” Gate: Parallel Function
“Or” Gate:  Alternate Function

3.5 Ref @

1.1.2 Ref[— P

Interface reference

Functional
description

:-Ref 9.2, Provide guidance

block (used on first- |

and lower-level
function diagrams
only)

Scope Note:

: See Detail Diagram

Function

Wuber Summing
gate

921

—>

.
©

|
922 '
Go flow\ :
|
Parallel G I Ref.

functions 0 I > 11.3.1
923 :
|
|

See Detail Diagram

Alternate
functions

924

Sys
Malf.

Leader notej See Detail Diagram

[\t A e et ) )
Ly I |
| | |
| e e Yal
' Tentative
: function
|
o

Flow level designator —————»2nd Level

Title block and standard drawing number ——J§»

Functional Flow Block
Diagram Format



Top Level

1st Level

2nd Level

1.0 2.0 3.0
L) LY
\ \
M \
System Function |
v LY
\\ \ .
L |
LY 1
1.1 12 —O— 13 1.6 1.7 2.6 2.7
2.8
Subfunction 1.0
_ - »
1.5.31.5.4}1.5.5
1.4.1

1.4.5




TOP LEVEL

1.0 20 30 40 6.0 70 80
Ascentinto | Cnl':ckmt - Transfe;rbitn m’: OR Trans&nrﬁtu ) Ilntrlmft - Ilmnt:d and
Orbit Injection and Deploy 0OPS Orbit ations sTs t Spacecra La
- ~
- 5.0 a
- ~
- Contingency ~—
- Operations B —
SECOND LEVEL e
(3.0) Ref. 4.1 4.2 43
Transfer to N Provide |, Provide N Provide
OPS Orbit Electric Power Attitude Themal
Stabilization Control
44 4.5 4.7 4.8 4.10 (6.0) Ref.
Transmit Pay- Transfert
Provide Orbit Receive Store/Process Acquire _@_, ransfer to
— OR - . OR i
Main Command Command Payload Data load & Sub STS Orbit
system Data
—
— e
45 - 4.9 4.1
) Acquire Transmit
ﬁcﬂfccm} Subsystem "@" Subsystem [
» Status Data Data T~
o~ T
- ~
HIRGLEVEL ™~
. (4.10) Ref.
[4.?_n Ref. Transmit Pay-
Store/Process load & Sub-
Command system Data
A
4.8.1 482 483 484 485 4.8.6 487 488
Compute TDRS Slew to Compute LOS Slew 5/C Command Process Re-
Pointing | ?| andTrack [ m ™ Pointing [* twl0s [® ERPPW [ ™ceiving Signal m @
Vector TORS Vector Vectar Radar On and Format
489
RadarOff —
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1 2 3
Function :
Ref —> Source of  [—¥ —> Sink of —» Ref
External Input Decomposed External Output
In Figure 2

External
Output

External
Input

Figure 1. Enhanced functional flow block diagram context for Figure 2.

62 https://tsapps.nist.gov/publication/get pdf.cfm?pub id=822057



https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=822057

COMPLETION >3
CRITERION T cc#1 | Function in
IN FUNCTION 2 —® Multi-exit

Construct

2.2
DATA FLOW i
(TRIGGERING) —*  Multi-exit @

Function B

|
DATA FLOW

2.5 (NON-TRIGGERING)
FUNCTION
cc#2 L
o Function in /
\ Iterate
1 2.1 [2.6 ]

3

Source of Sink of

—P . .
External Input Serial Function (AND R CONCURRENCY @ Output Function ¥ External Output

2- 3
External > L
Input Function in
Concurrency

Figure 2. Enhanced functional flow block diagram for function 2 in Figure 1.

External
Output
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ffbd Operate FF Restaurant

o
H

el https://www.youtube.com/watch?v=0eVh9Gd8F 8



M.M. Hasan et al. / Nuclear Engineering and Technology 50 (2018) 860—868

effbd Geophone Based Earthquake Instrumentation

Fig. 5. EFFBD of the existing earthquake instrumentation.
EFFBD, enhanced functional flow block diagram.



Some possible analysis



Customer

n.1

Request
Withdrawal

Withdrawal

Prior
Function

Bank

Request

n.5

Process
Request

n.8

Determine
If OK

n.7
n.6
| Confirm Pay
OK

n.3
Decide
Retry N
n.2 >
»| Read n..4
Response
+—p Collect
Cash

Approval/dis
approval

e s e e — : — — — Interface

Next
Function

— — — — — s IN{E€Tface

Figure 6. Example of Enhanced Functional Flow Block Diagram with Swimlanes for Allocations




TOP-LEVEL DIAGRAM s there a higher level for prep and follow?

Ytart state? FIRST LEVE T MISSION
ASCENT CHECKOUT TRANSFER PERFORM TRANSFER
INTO ORBIT || & | » TOOPS MISSION OR TOSTS [ pf RETREVE | ’{&EﬂLEDR
INJECTION DEPLOY ORBIT OPS ORBIT
1.0 2.0 3.0 4.0 6.0 7.0 8.0
CONTIN cision? End state?
GENCY both
OPERATIONS
and chose?
5.0
SECOND-LEVEL DIAGRAM !
SECOND-LEVEL - 4.0 PERFORM MISSION OPERATIONS
T%Né;sER PROVIDE A"WRUWVU'DDEE PROVIDE Do these 4 support functions make
ORBIT E%S%TER.{C ’ SZTAAT%L"" < ISE’#'QSt sense in series?
(3.0) REF. T 4 3 Better in parallel
Only once through path?
e TRANSFER
PROVIDE RECEIVE sTore/ | /' Acquire SRANSMIT gLl
ORBIT CMD PROCESS P/L AND ) cUBSYSTEM @ ORBIT
MAIN (HI-GAIN) CMD DATA DATA (6.0) REF
4.4 4.5 4.7 4.8 4.10
Direction? ?
Dirgction? Lodic? Direction?
RECEIVE ACQUIRE * | TRANSMIT
CMD SUBSYSTEM | L /0R || SUBSYSTEM
(OMNI) STATUS AL
o Spontangous DATA
: combusgion?(4-7 il
THIRD-LEVEL DIAGRAM
THIRD-LEVEL - 4.8 ACQUIRE PAYLOAD DATA
STORE/ TRANSMIT
PROCESS P/L DATA
CMDS . (4.10) REF
(4.7) REF All repeats before transmit?
r REPEAT FOR NEXT TARGET —I
COMPUTE COMPUTE SLEW ["PROCESS |
TDRS SHEWTO I RanAR L0S S/CTO CHD R0 REC. RADAR
POINTING [P % 100" P o Npgy [ POINTING [ “1L0S [ p\paBon [] SIGNAL & STANDBY
VECTOR VECTOR VECTOR FORMAT
4.8.1 4387 4.8.3 4384 4.8.5 4.8.6 4.8.7 4.8.8
(SPACE) Can exit in standby?
Do other or all level 1 and 2 functions have space and ground split? Rﬁé@éR
489
(GROUND) ;s date twice?
IDENTIFY DETERMINE
UPDATE UPDATE SELECT FORMAT
Fromp{ TORS [»f TORS [ o ,riiines > Comnoat (> ERP, PW, Lp OPTIMUM L} “cup And then
where?| EPHEMERIS | ~ | EPHEMRIS | | | oNGITUDE & Tir. SEQUENCE LOAD | what?
3310 3BT 3817 3313 3813 3814 3316
Orfocly-trice?

Source: DSMC SE Management Guide (Jan 1990).

Figure 13. FFBD Example with Class Discussion Notes



What if item not available?
T

2.1 (Ref) 2.2.1 22.2 221 |y 2.2.5 2.3 (Ref)|
Go to Determine Get It Determine Pay for Load
Store Next Item et tem Last Item L@ Items Car

Until list complete

2.2.5 ‘\N
Determine
2.1 (Ref)| 221 4 223 v JAlternativel 22.4 2.3 (Ref) |
Go to *@*Determine- Confirm 7 Pay for Load
Store Next Item Available Y 522 2.2.6 Y, Items Car

* Determine

Get Item Last Item [N :
Until list complete

Figure 11. Functional Failure Analysis Example
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yF

= [t is important to identify the interfaces.

: il A
* Complex systems have many interfaces \‘
 Common interfaces reduce complexity

* System architecture drives the types of interfaces to be utilized in the
design process

* Clear interface identification and definition reduces risk
* Most of the problems in systems are at the interfaces. =

» Verification of all interfaces is critical for ensuring compatibility and
operation.
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Common Interfaces

Exchange of
Energy

Exchange of Exchange of
Matter Information




|

-+~ Other possible interface domains

Data types Representation Applications

Component-based s N
P Component relationships System architecting, engineering and

(ProdBuct) design
People-based Organizational unit Organizational design, interface
(Organization) relationships management, team integration
Activity-based e Process'lmp.roven.\ent, project
relationshios scheduling, iteration management,
(PFOCGSS) P information flow management
Parameter-based  Design parameter Low level actvity sequencing and process
(low-level Process)  relationships Tedsions
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https://www.nasa.gov/sites/defau

. Input It/files/atoms/files/nasa systems
W N 2 d I a g ra m S Alpha engineering handbook.pdf
M
A 43
A sS EMSS
B
C M
EMSS
. D
E E
A EMSS EMSS
E —$ ®
M
F $
Legend:
E Electrical
. . G —z M
M Mechanical
E E
SS  Supplied Services
@ interface H ) Output
D A-H: System or Subsystem Beta

74 Figure 4.3-4 Example of an N2 diagram


https://www.nasa.gov/sites/default/files/atoms/files/nasa_systems_engineering_handbook.pdf
https://www.nasa.gov/sites/default/files/atoms/files/nasa_systems_engineering_handbook.pdf
https://www.nasa.gov/sites/default/files/atoms/files/nasa_systems_engineering_handbook.pdf

2

N2 Analysis

* N2 Analysis is a tool that uses a nxn matrix to record the interconnections
between elements of a system. It has several potential uses:

* In system design to assess the degree of binding and coupling in a system and
thereby determine candidate architectures based on the natural structure of the

system.

* In systems design to , and thence aid the management of, the interfaces in a
system.

* In systems analysis to in a system to

help understand observed behavior and to provide guidance for improvement.
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N2 Diagrams

* The N2 diagram has been used extensively to

data , primarily in the

software areas. However, it can also be used
to develop hardware interfaces.

* The
: the
remainder of the squares in the N x N matrix
reﬂresent the interface inputs and outputs.
Where a blank appears, there is no interface
between the respective functions.

e Data flows in a clockwise direction between
functions (e.g., the symbol F1 F2 indicates

(Iglzza;ca flowing from function F1, to function

* The data being transmitted can be defined in
the appropriate squares.

nput |

'

~

r'-.-F

4 |

FpomF
=1 ®y

| .
o " FUﬂm‘ 1 ;‘.‘..FZ! F1'.’3 : 7y
- . ' . :
(Fy) i i
2

F{—F:“

FZ’F‘

Funcaon

F, | FommF 3
=F | f=f| @2,

FooF, F‘--Fz

Function

4
(Fg)

Basic N° Chart Rules

* All functions (or subfunctons)
are on diagonal

« All outputs are honzontal
(left or right)

* Inputs and Quiputs are Aems,
Aot fluncons

Figure B-7 — N? Chart Definition.

-

1



E'Jgg * Alternatively, the use of circles and numbers

=t

77

permits a separate listing of the data
Interfaces.

e The clockwise flow of data between

functions that have a feedback loop can be
illustrated by a larger circle called a control
oop.

* The identification of a critical function,

where function F4 has a number of inputs
and outputs to all other functions in the
upper module.

* A simple flow of interface data exists

between the upper and lower modules at
functions F7 and F8.

* The lower module has complex interaction

among its functions.

e The N2 chart can be taken down into

successively lower levels to the hardware
and software component functional levels. In
addition to defining the data that must be
supplied across the interface, the N2 chart
can pinpoint areas where conflicts could
arise.

L

SINFLE
FLOw

TIGHT LY
TLLATED
FUNCT | OMeA

Grour

o ;

. —
MOOA L '0""4 o

COMFLER
INTERACT 1OMS
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DSM — Design Structure Matrix

https://dsmweb.org



~# DSM — Design Structure Matrix

* Research on matrix-based complexity management has come a long way.
Originating from a process focus with the first published formulation of
a Design Structure Matrix (DSM) by Don Steward in 1981, a whole
community has developed around this research.

 DSMs can have different qualities:

* Binary DSMs represent only the existence of a relation,

 whereas numerical DSMs represent a numerical value (also called “weight”) to
represent the strength of a relation.

* DSMs can either be directed or non-directed.



Design Structure Matrix

* Architecture Definition: The embodiment
of concept, and the allocation of
physical/informational function (process)
to elements of form (objects) and
definition of structural interfaces among
the objects

 DSM captures connectivity of components
=> architecture

e DSM provides analysis capability not
present in a traditional schematic

Valve ¢

Number

Type

0

No Connection

Mechanica

Flow

Information

1
2
3
4

Energy

15

Key

Controller
Pump
Valve

Filter

-
15

Controller

F Controller -

Pump

Sample System

Pump
Valve

Filter

H:HMORH

15

15

DSM



Acta Astronautica 66 (2010) 937-949

Contents lists available at ScienceDirect a | ‘4

Acta Astronautica

journal homepage: www.elsevier.com/locate/actaastro

An application of the Design Structure Matrix to Integrated
Concurrent Engineering

Mark S. Avnet *, Annalisa L. Weigel

Massachusetts Institute of Technology, Cambridge, MA, USA
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|
% Parameters exchange

- = | Attitude Control

- - - = - - Avionics

- Communications

f— Electrical Power

= L u 1| Flight Dynamics

= u| Flight Software
= .| Integration and Test
= Launch Vehicles

- = Mechanical

Mission Operations
Orbital Debris
Parametric Cost

Propulsion
Radiation
Reliability
Thermal

Fig. 2. Parameter-based DSM for the typical ICE design process. The DSM is organized as an alphabetical sequence of the 16 disciplines involved. The
blocks along the diagonal encapsulate the work that is internal to each discipline, and the off-diagonal marks represent information flow across
disciplines.
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Dependencies among disciplines

1 2 3 45 6 7 8 9 101112131415 16

Launch Vehicles
Flight Dynamics
Communications
Radiation

Avionics

Flight Software
Reliability

Mission Operations
Attitude Control
Mechanical 10
Propulsion 11
Thermal 12

Orbital Debris 13
Electrical Power 14
Integration and Test 15
Parametric Cost 16

oo~NoOOOLRLWN=

Fig. 4. Clustered team-based DSM for the ICE design process. Each mark indicates that the discipline in the row requires information from the discipline
in the column due to one or more of the critical design trades (the loop types shown in Table 2).
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bolt 1

bolt 2

bolt 3

cylinder body
cylinder

bolt 1

bolt 2

bolt 3

flange

base plate

X | X | X |Iflange
X | X | X | X |Ibase plate

cylinder body

cylinder

34 https://dsmweb.org
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AN |
AN ||| O e [ et | e (] e
M v v~ Ol Ol OO
(72 (%) w| u (2 (2] () v " (%)
S8 388 38oololo
Q| Q| o] o
task 1 X X
task 2 X | X
task3 || X X
task 4 X
task 5 X
task 6
person 1|| X X X|X|X
person 2 X
person 3 X X
person 4 X
X

- Multi-dimension DSM

...is disciplinary head of...

..-.belongs to the same projectteam as...

* MDM allows analyzing a
system’s structure
across multiple
domains, condensing
each single analysis into
one DSM that
represents multiple
domains at a time.
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- On software

Design Parameters Relational Characteristics

Connector
Connec

Connector

Relational Characteristics
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Block Diagram



vy Tr——

— —

WHAT IS A BLOCK DIAGRAM?

* A block diagram is a specialized flowchart
used in engineering to visualize a system
at a high level.

* Create your block diagram to

so you can focus on rapidly
pointing out potential trouble spots.

* A block diagram is especially useful for
visualizing the inputs and outputs of
your system, while what happens in-
between can remain in a black box.
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SYMBOLS

* Block diagrams use very basic geometric shapes: boxes and circles. The
principal parts and functions are represented by blocks connected by
straight and segmented lines illustrating relationships.

* When block diagrams are used in electrical engineering, the arrows
connecting components represent the direction of signal flow through the
system.

 Whatever any specific block represents should be written on the inside of
that block.

* A block diagram can also be drawn in increasing detail if analysis requires
it. Feel free to add as little or as much detail as you want using more
specific symbols.
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= Example:
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DI-524 Block Diagram

RF: 2412~2462 MHz

MiniPClI Flash
Wireless L AN

CPU |
Crystal
25MHz

ZSMFIzl IMII 2 ﬁ\/HI 1 SDRAM
SWITCH ‘
‘ Transform ‘
I i
5 v
WAN*1 LAN*4
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Figure 9. A functional (left) and physical (right) architecture of a liquid transfer system.  -suitble_Domain Specific Modeling languages_for_MBSE_A_tool

ed_approach



Final Considerations



Last words - Exercises

 Self-paced (no due-date — just joy)
* A list of 20 cases to apply the classical diagrams.

* To deliver
A list of 10 conceptual questions at the Classroom (each click counts --- click Only if
you are sure of the answer)
* To deliver ( class leader)
* Send me a list of the groups w/ selected themes (asap)

* Place on the collaborative document at the GClass, the names and links for the
presentation / report.
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= | ast words

* Hope you enjoy these lectures

* Keep in mind that (Model based) Systems
Engineering is one of EMBRAER'’s
verticals.

* I’'m available through the GClass, and
through the Class Leader.

* We will dive into the MBSE — it will be 7 \ =)= )
useful on the third phase. ~
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“There is something” (MFS)

CONNECTING THE DOTS...

» ‘ »
4

-‘N.;'*J.": 0 3 .6 .' =
. '/- 3 {‘ o - iw |
Y 3 i— S/
- .."'O. Y

-
-~

I

... On the journey to uncover the essence of abstraction.

Fast Links:



= Example: Mosquito killing racket
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