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Personal story getting into MBSE:
self- aware/adaptive/engineering robots

Approach Solution

Problem

Systemic,
functional,
architectural

What knowledge do we
capture?

How do we formalize it? Modelling “
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Example: collaborative robot

[ 7
stackid

v productindex

[Hernandez-2017]
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Example: collaborative robot modeling

act [Block ] Collaborative Robot [Functional flow aIIocation])

®

Vi
% Sk
8

___________

Robot

RobotSkin
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People are key!

Corrado Pezzaro, Gustavo Rezene, Eugenio Tamassia, Alex Gabriel, Forough Zamani, Burak Sisman, Darko Bozhinoski, Mario Garzon, Pierre Mercuriali, Martijn Wisse,
Gijs van der Hoorn, Mukunda Bharatheesha, Geeske Langejans, Tim Djedilbaev, Alexander Peixe, llias Gerostathopoulos, lvano Malavolta, Andrzej Wasowski, Juliane
Paller, Einar Johnsen, Lizeth Tapia, Nadia Hammoudeh Garcia, Hars Deshpande, Francisco Martin-Rico, Jonatan Gines, Ralph Lange, Arne Nordmann, Jon Tjerngren,

Jose Luis Fernandez, Esther Aguado, Julita Bermejo, Manuel Rodrigues, Ricardo Sanz and many other colleagues and students not fitting in one slide.
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Outline

1. SE:settinga common ground

2. MBSE concepts
* SysML language
* ISE&QRPPOOA methodology

3. Group activity:
Modelling functional architecture with ISE&PPOOA and SysML

4. Next

* Use of the functional architecture
* Beyond design-time MBSE: self-engineering
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1. Systems Engineering

Our common ground, with examples a la MBSE
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Robotics is about systems ...

* A robot has parts that may be
either simple or composite.

A robot interacts with the
environment.

e A robot fulfils some

stakeholder’s needs.
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System life-cycle

Stakeholders needs System solution
W E, P A 4
e e Operation
Concept of ificati ~“and
Operations Ven;i:gtlon Maintenance
alidation
Project Requirements System
Definition and Verification
Architecture and Validation

Integration, i

Detailed Test, and Project

Design Verification Test and

Integration

Implameantation

A 4

Time

V-model borrowed from Clarus Concept of Operations Archived 2009-07-05 at the Wayback Machine,
Publication No. FHWA-JPO-05-072, Federal Highway Administration (FHWA), 2005.

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 10


http://www.itsdocs.fhwa.dot.gov/jpodocs/repts_te/14158.htm
https://web.archive.org/web/20090705102900/http:/www.itsdocs.fhwa.dot.gov/jpodocs/repts_te/14158.htm
https://en.wikipedia.org/wiki/Wayback_Machine

2. Model-Based
Systems Engineering

Some concepts



Model-Based Systems Engineering

* Use an integrated system model
for systems engineering,
Instead of traditional documents.

Operations Verification

and Maintenance

* “Formal” model (machine fdstlon

DZEOJ%;“ Requlrement cation
Fea d a b l.e ) Archnectureﬁd Validation

gration,
Test, and
Design Verification

Detailed

Implemeantation

~
I

Time
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Concept of Opera:lon

Project
Test and
Integration
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What is a model

an abstraction of a system of
Interest that is developed for a
purpose:

* addresses specific
stakeholder concerns/needs pick the products without harming humans

e have a clear usefulness to

; m?‘: Verification nd
T and

engingering the syster =
[NASA Exp., 2016] communication, \  osaes ieued

analysis ...

Implzmenzation

Time
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What is a model?

In MBSE, a diagram is NOT the model, it is a view (of the model)
» View: A representation of a system from the perspective of a viewpoint. (ISO/IEC/IEEE 42010)

» Viewpoint: A viewpoint is a specification of the conventions and rules for constructing and using a
view for the purpose of addressing a set of stakeholder concerns (E. Aquado’s Value! Day2)

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02
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Benefits of MBSE

D123 4567 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 6162 63 64 65 66 67 68 69 70 71 7273 74 75 76
] Information Transfer Quantity % Total

Capture and Orient Module (COM)
+ Captures OS
« Transfers OS in correct orientation to CM

Potential A ic | 3297 68%
| Total | 4858 [ 100% |

B e e o oo

Implemzntation

NRRRBRN

>
Time - Not Shown

Power System (ERO)

automation in a real space robotics project of
information transfers of 13%,

2882

with a potential with full-MBSE process to 81%

771641712

(Younse-2021) ;;__ :

Benefits: ‘

* Reduces design errors

* Prevents rework b :

* Improves quality and project performance Credit Younse et al (Younse, 2020)
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The three pillars of MBSE

Many, we use
ISE&APPOOA

© Carlos Hernandez, TU Delft

Modelling

‘ - ‘ Language

Model
7 N

MBSE Tutorial, 2025/07/02

Many, expensive,

only a few widely used in industry,
for today’s any decent
diagramming tool

16



Modelling Language: SysML (V1.5),.. .1

-
B
i

G

* general-purpose graphical
modeling language

* for specifying, analyzing,
designing, and verifying
complex systems (aka SE)

* superset of a subset of UML 2

* supports model and data
interchange through XML
Metadata Interchange

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 17



SysML diagrams

SysML
Diagram

A

Cotaberate Pbe Applton Ferorat Arariosiure

Behaviour
Diagram

Requirement
Diagram

Activity Sequence

Diagram

Diagram

State Machine
Diagram

Use Case
Diagram

- Diagram seen today

© Carlos Hernandez, TU Delft

Structure
Diagram

Block Definition
Diagram

MBSE Tutorial, 2025/07/02

Internal Block
Diagram

Parametric
Diagram

Package
Diagram
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Methodology: ISE&PPOOA

* Integrated Systems Engineering and
Pipelines of Processes in Object-

Oriented Architectures (ISE&PPOOA) Setti
. Model-Based Systems
 defines the processes (what) and Engineering

methOdS (hOW), e.g. Vi@WpOintS Jose L. Fernandez - Carlos Hernandez

* model-based systems and software
engineering

* requirements-driven,

e focus on the functional architecture

[Fernandez-2019]

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 19



ISE&PPOOQOA process

2.a Specify system
capabilitesand ____ ___________
high level functional

requirements

scenarios

" 1. Identify
@ > operational

2.b Specify quality attributes
- and system nonfunctional

- requirements [~
Concept of 3
pera rification
5 e and
Project alidation
rojec
Definition “.qu'.'::l‘"m
Architecture and Validation
ntegration,
Detailed Test, a
Design Verification

Integration
Implemantation

5
7

Time
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' 3.1 Identify ) 3.2 Decompose (3.3 represent ;
— - high level = functions into -3 functional ———;’Q Complete?
functions ) child subfunctions architecture .

4.1 Allocate
functions

(a2 Represent\
‘ modular ‘

architecture Y,

All functions No
allocated? ~__~

. VA
4.3 Refine
architecture

N
/4.4 Represent}

physical
\ architecture

\

@
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Functional Architecture

Functional architecture Physical architecture

* function: transformation of inputs . A
(material, energy or data) into outputs building blocks (e.g. ROS nodes)

* represents the physical (or software)

* representation of a system’s , ,
elements in the solution

behaviour (what the system does)
* dependent of technology solutions

(less stable in time)

node 1 node 2

* independent of technology solutions
(more stable in time)

i%

Output
ﬁ




Functional architecture

2.a Specify system

capabilitesand ____ ___________
high level functional
requirements

' 3.1 Identify 3.2 Decompose 3.3 represent '
1. Identify B B % high level H functions into -3 functional ———>Q Complete?
. ..... operational | ---: functions child subfunctions architecture
scenarios i

2.b Specify quality attributes % | g .
and system nonfunctional
requirements

i No

4.1 Allocate

functions

4.2 R : t
Decompose Represen
Functional architecture
Hie rarChy All functions : No
allocated? ~._ -~

4.4 Represent
physical
architecture

Create Identify
Functional Functional
Flows Interfaces
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Functional Hierarchy

bdd [Activity Block] Collaborative Robotic Application [Functional Architecture] )

<<activity>>
Collaborative Robotic
Application

F1

F2

F3

F4

F5

F6

F7

F8

F9

<<activity>>
Handle operator

<<activity>>

<<activity>>

<<activity>>

<<activity>>

<<activity>>

<<activity>>

<<activity>>

<<activity>>

<<activity>>

Obtain collision-free

trajectory

<<activity>>
Execute and control
interruptible motion

<<activity>>
Sense obstacle

<<activity>>
Obtain grasp
trajectories

<<activity>>
Execute motion

<<activity>>
Grasp

Manage order Coordinate product Manage stacks Move robot Pick product Deliver product Manage errors Calibrate
interface operation of products safely
F6.3
F5.1 F5.2 F5.3 F6.1 F6.2

© Carlos Hernandez, TU Delft
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Functional Flows

* Represent how the system behaves as a response to external,
internal or time events.

* Modelled with SysML activity diagrams.

* Maintain consistency with Functional Hierarchy, and functional
Interfaces (see next)

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02
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SysML Activity Diagram

act [Block] Collaborative Robot [Functional flow aIIocation])

The SysML activity diagram defines the actions in the
t activity along with the flow of input/output and control
between them, and so an activity decomposesinto a

set of actions that describe how the activity executes
and transforms its inputs to outputs.

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02



SysML Activity Diagram

act [Block] Collaborative Robot [Functional flow aIIocation])

Types of actions: send signal, accept event, and
t wait time actions.

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 26




SysML Activity Diagram

act [Block] Collaborative Robot [Functional flow aIIocation])

Control nodes control the execution of an activity along paths

K other than a simple sequence of actions. Control nodes can direct
3 the flow of controltokens as well as objecttokens within an
activity.

Types of control nodes: initial nodes, activity final nodes, flow
final nodes, decision nodes, merge nodes, fork nodes, and join
nodes

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 27




Functional interfaces

* Inputs and outputs to a function

* Modelling: N2 chart (and textual description of functions in
tabular form)

INPUTS

J- Sensor J gripper
reading ON OUTPUTS

«Stack id +Mext avail.

product
index
Obtain traj.
to stack
Execute =Gripper
trajectory over stack

*Obstacle +Dbstacle Sense
detected detected obstacles

Obtain grasp = Joint
trajectory trajectory

= product
picked

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 28



What is the N? chart?

* Diagram that represents interfaces between architecture elements
(functional or physical)

* multiple names: N? matrix, Coupling Matrix, Design Structure Matrix (DSM)

* matrix form l l l l l
* N elements in the diagonal
* inputs -column
* outputs - row

additionally N+1
* external inputs: upper row
* external outputs: rightmost column

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 29



Group

3. Activity

© Carlos Hernandez, TU Delft

MBSE Tutorial, 2025/07/02
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Activity: Represent a functional flow given the
N2 chart (40min)

Objective: get familiar with MBSE modelling methods and how they
relate to traditional SE

* What: propose a specification of the behaviour of our robot as a
functional flow (only activation) represented in a SysML activity diagram.

* How: use the and their interfaces defined in the N2 chat
provided. The functions should be the nodes in your diagram.

* Expected outcome: SysML activity diagram

* With your team, discuss and elaborate the diagram (20min)
* Use the whiteboards and flipovers to draw your diagrams

* All together, discussion of solutions (20min)

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 31



N2 chart for “Pick order”

INPUTS
J Product J  Sensor J gripper
type reading ON OUTPUTS
Manage «Stack id *Next avail.
stacks product
index
Obtain traj. «Joint
to stack trajectory
Execute *Gripper
trajectory over stack
*Obstacle *Obstacle Sense
detected detected obstacles
Obtain grasp «Joint
trajectory trajectory
Execute - product
grasp picked

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02






Possible solution

7 Y
/ \
I 1
. . 1 .
Manage Obtain traj. I Execute \ Obtain grasp Execute
stack To stack : trajectory I trajectory grasp
- :
! I
! |
! |
! I
! Sensed .
|
! obstacle .
1
\ N / INPUTS
-~ e e e e e o = = s J+ Sensor . gripper
reading ON OUTPUTS
+Stack id I I +Next avail.
product
index
Obtain traj. +Joint
to stack trajectory
+Gripper
over stack
*Obstacle +Obstacle Sense
detected detected obstacles
Obtain grasp =Joint
trajectory trajectory

Tip: for how the use of N2 chart can be integrated into MBSE, check [Garcia-2021]

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 34



4. Next

So what do | do with my functional architecure?

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02
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What next in ISE&APPOOA MBSE process?
Allocation of functions to physical architecture

2.a Specify system :
_ capabilitesand ___ | __________ :
””””””” ~1 high level functional i No
requirements N - ~ - g : - :
P . q — 4 3.1 Identify h 4 3.2 Decompose h '/3.3 represent\
-y Identify N — --;,s{ high level ﬂ“[ functions into }»—-'—:{ functional ]»;‘,<> Complete?
(] :{ operational ‘ B | functions ] | child subfunctions/ \architecture
. scenarios | - - ~ - :
7 2b Specify quality attributes A
N and system nonfunctional
{ requirements ‘3 |
Ny s S/,
- - e ™
4.1 Allocate
functions ‘

N7

P A
(a2 Represent\
modular
| architecture |
Ny J

All functions
allocated?

,—\i/—\: ‘ ~.
" 4.3 Refine
| architecture
. -

VAN
4.4 Represent
‘ physical

\ architecture

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02
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Physical architecture

) B u | ld | ng b l.OC kS Of yo ur Syste m , ibd [Block] CollaborativeRoboticSystem
including software (architecture) ‘Robot
... :UR5manipulator < :Controller
* SysML Internal Block Definition fjoint_omd [
D | a g Fam (l b d ) /suction A /trajectory
:SuctionGripper
V /ctrl_state

:

/objects .L

:ControlSoftwareé < :RobotSkin

<
/order /stack_info
___iOperator | o

/pressed_cell
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bdd [Block] CollaborativeRoboticSystem [Modular Architecture)

Allocation

act [Block] Collaborative Robot [Functional flow aIIocation])

Robot Control

RobotSkin

<<system>>

CollaborativeRoboticSystem

!

RobotSkin

<<subsystem>>
Robot

Frames

]

v

<<subsystem>>
Control
|

SuctionGripper

Controller

Manipulator

Computer

ControlSoftware

e

R
P
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Beyond

design-time MBSE and into runtime self-engineering

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02
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Model-based Architectural Self-adaptation

"AUTONOWOUS
NAVIGATION

Navigation V2

<<function>> <<function>>
Navigate
| L
LOCALIZATION sones solves
Localization V2
<<block>> <<block>>
FD_PID FD_fuzz,
properties properties.
efficacy : float = 1.0 efficacy : float

Differential Motion
reading

roquires Tequires

Localization V2 I
> 70% > 30%
<<function>>
Propulsion

—————\ Navigation V2
- (config. 2)

map.
vel. Qdrnand solves
Solves
pointCloudNl Differential
reading Motion <<block>> <<block>>
PropulsionM1M3.
“ references references
driver T1 : Thruster T2 : Thruster
T3 : Thruster T4 : Thruster
properties. properties
efficacy : double = 0.9 efficacy : double = 1.0

«Function»
Pick&Place

«FunctionDesign»
Pick&Place 1 arm

«FunctionDesign»
Pick&Place 2 arms

requires

«Function»
Navigate to position

LEGEND

«FunctionDesign»
Move relative to workcell

requires.

solves

functional variants

‘ «Function» «FunctionDesign»

Calibrate position

solves

«FunctionDesign»
Tag-based calibration 1

«FunctionDesign»
Tag-based calibration 2

2019 2021

Carlos Hernandez, 2025-01-15, Delft MBSE Tutorial, SEP



CoreSense

e Robots that understand and
are aware of their
stakeholders’ needs

* Robot’s reasoning over a
SysML2 model that integrates
all system knowledge and
concerns.

* New discipline of developing
autonomous cognitive
systems.

Carlos Hernandez, 2025-01-15, Delft

CORESENSE

A Hybrid Cognitive Architecture for
Deep

drone teams
manufacturing robots
social robots

The CoreSense project has received funding from the European Union's Horizon
Europe research and innovation programme under grant agreement No. 10107054

4@, IRISH
(o):-‘ MANUFACTURING

% %Fraunhofﬁi Cl un

ey Juan Ca QN RESEARCH

MBSE Tutorial, SEP 41



Conclusion: models help you (and robots) think!

Example: Bottom-up

You can obtain or refine the
functional hierarchy from

activity diagrams

* Modelresponses of the system in the
scenarios (main flows).

 Clustering of actions into activities — - FEEE) Y] e
(functions) N = :

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 42
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Additional materials about ISE&PPOOA

* Website: https://www.ppooa.com.es/resources/
* Linkedln group: https://www.linkedin.com/groups/9500835/
* Videos from the TU Delft REMARO Summer school.:

* Model-Based Systems Engineering [collegeramal:

* The ISE&PPOOA methodology for MBSE [collegeramal

 Functional Architecture with the ISE&PPOOA
methodology [collegeramal

© Carlos Hernandez, TU Delft MBSE Tutorial, 2025/07/02 44
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