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MAGMIY Introduction to Systems Engineering

Day 1 - Introduction to systems engineering

» Introduction to course

» Systems life cycle

» Introduction to Systems Engineering
» The V model of Systems Engineering

» Major Phases: Requirements, Conceptual Design, Preliminary and Detailed
Design, Construction, Production, and Utilization phases

» The four pillars of SysML: Structure, Behavior, Requirements, and
Parameters

» Demo of SysML: Structure, behavior, requirements, and parametrics for an
Anti-Lock Braking System (ABS) model using Modelio.

» Introduction to Self-Driving Vehicles
» Introduction to the Safety of Self-Driving Vehicles
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Introduction to Course

» Currently, many systems and products are very complex
or very large or both.

» One example is automated vehicles with a high degree
of safety.

» AV Safety is a major concern for:
o OEMs (vehicle manufacturers) and their Suppliers
Drivers
Insurance companies
Governments
General public
o Other stakeholders

» Thus the importance of designing and developing an
autonomous vehicle with a high degree of safety.

» Systems engineering is a methodology and set of
techniques to design systems that are very complex
and/or very large.

O O O O
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Why does Safety matters?

» Uber accident killing one pedestrian in Arizona
(March 2018)

» Series of Tesla accidents involving AUTOPILOT
(Early 2018)

» Tesla accident killing one driver on a Florida
highway (April 2016)

» Tesla accident involving rear end collision with a
parked truck (2017)

» Accident in Las Vegas (2017)

» Problems with airbag activated without command
(Japanese Supplier 2014)

» Problems with vehicle recognition for automated
driving (American OEM 2016)
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Introduction to Course

» Safety has been extensively studied and
standards exist for several industrial
areas such as:

» Nuclear, avionics, process, farmaceutical,
manufacturing, and automotive.

» Question: Can we design a complex
system without using a systems
engineering approach?

» Answer: Yes but it would be much more
difficult. There are many advantages of
using a systems engineering approach.

» But safety is not the only reason to use
systems engineering. There are others!!
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Introduction to Course

Unique safety requirements of Avs,
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- MAGIVE% Day 1 — Model based systems engineering and SysML

» Defining systems thinking
» "Systems thinking is a discipline for seeing wholes.

» It is a framework for seeing interrelationships rather than things, for
seeing patterns of change rather than static “snapshots.”

» It is a set of general principles— distilled over the course of the twentieth
century, spanning fields as diverse as the physical and social sciences,
engineering, and management....

» During the last thirty years, these tools have been applied to understand
a wide range of corporate, urban, regional, economic, political, ecological,
and even psychological systems.

» And systems thinking is a sensibility — for the subtle interconnectedness
that gives living systems their unique character”

» - Peter Senge, The Fifth Discipline
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Systems Lifecycle
» Concept Phase

o Item Definition

o Initiation of safety lifecycle

o Hazard analysis and risk assessment
o Functional Safety Concept

» Product Development
o System Level
o Hardware
o Software

» Production and Operation
o Production
o Operation
o Service (Maintenance, Repair)
o Decommissioning

Day 1 - Introduction to systems engineering

Functional Safety Life Cycle
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Introduction to Systems Engineering (SE)

» Although SE can be applied to any endeavor (e.g., physical and social
sciences, engineering, and management, etc.) we will apply it to
engineering and more specifically, designing an automated vehicle.

» Main principles:

Start at highest level

Identify main functions using input/output relationships
Use functional decomposition and generate a level below.
Proceed likewise by generating 4 to 8 levels deep.

At each level add sufficient details to clarify composition, relationships, require
ments, behaviors, interfaces, parameters, etc.

O O O O O
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Introduction to Systems Engineering (SE)
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» Introduction to Systems Engineering (SE)
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The V model of Systems Engineering
» Forsberg and Mooz were the first to model the SE processes as a V.

» For complex, multidisciplinary systems, the V model provides a nice
framework for the key systems engineering activities it takes to realize a
successful system.

» On the left side of the V, decomposition and definition activities resolve
the system architecture and create the details of the design.

» Integration and verification flow up and to the right as successively higher
levels of subsystems are verified, culminating at the system level.

» Verification ensures the system was built right (meets requirements),
whereas validation ensures the right system was built (meets customers’
needs).
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The V model of Systems Engineering

Understand User Requirements, - Valid .
Develop System Concept and mum:idmmrhsn
Vahdation Plan
v Systems *
A Engineering [ p e srwem st Petom
Specification and System System Verification to Performance
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Evolve Design Specs into .
son Doc S Impeﬂtuﬁm
Inspection Plan
Design e 3
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Production Documentation
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The V model of Systems Engineering

» Ascending the right side of the V is the process of integration and
verification.

» At each level, there is a direct correspondence between activities on the
left and right sides of the V.

» This is deliberate - the method of verification must be determined as the
requirements are developed and documented at each level.

» This minimizes the chances that requirements are specified in a way that
cannot be measured or verified.
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The V model of Systems Engineering

Specification Test & Verify Verification
of Safety > of Safety
Requirements Requirements

Architectural Test & Verify Integration
Design Testing

Test & Verif Unit
| Testing
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The V model of Systems Engineering

» The safety components of a system
constitute yet another complex

system and ISO 26262 uses the V
model as the underlying framework.

» This decision minimizes unnecessary
rework, errors in requirements
development and cascading.

» This will force testing and verification
to occur at various levels of
integration early in the process

» More specifically, ISO 26262 uses the
V model at the system level (Section
4), at the hardware level (Section 5)
and at the software level (Section 6).

Specification

Day 1 - Introduction to systems engineering

Test & Verily

of Safety

Requirements
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Test & Verify

Design [

Unit Design
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Implementation

Test & Verify

of Safety

Verification
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Product Development Phases

Level of Work

Detail
Initiation of Product Safety
High Development o o Assessment
Design Specifications ® ® Safety Validation
: System Integration
D ® s
esign ® and Testing
SpeC|f|cz?t|on of H&S ® ® Verification
requirements
Evaluati f violation
H&S Design ® ® valuation of violatio
of safety goals
Low H&S Integration oo Unit Testing
Time
>
Beginning of Product End of Product
Development Phase Development Phase
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Major Phases: Requirements

» Important phase that takes place at the beginning of a project.
» There are top level requirements

» And requirements at all functional levels

» Some requirements are further defined or extended into “derived
requirements”

» This process is repeated appropriately.

» Two types of requirements:
o Functional
o Non-Functional

» Requirements need to be carefully selected in order to ensure that they
make sense in the context of the final outcome of the project and
conveyed to all the team members.

» Missing out on a requirement or misapplying one could spell disaster
for a project.
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Major Phases: Requirements

“Problem solving is an art form not fully appreciated by some”

"Cd-Ql é? a \(ﬁ‘ A

As proposed by As specified in As designed by
the project sponsors the project request the senior analyst
-3
[ L
%«;&h J/Zf—?-q\ L s
As produced by As installed at What the user
the programmers the user’s site wanted
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Major Phases: Requirements

(Functional) Typlcal functional requirements

> A . ¢ which include:

ny requirement whic |

specifies what the system should do. > Carry people on public streets and
roadways.

» Describes a particular behaviour of

function of the system when certain
conditions are met, for > External Interfaces
example: “Send email when a new P Business Rules

customer signs up” or “Open a new p Transaction corrections, adjustments

» Carry people through air space

account”. and cancellations
» A functional requirement for an » Administrative functions
everyday object like a cup would » Authentication

be: "ability to contain tea or coffee
without leaking”.

» Typical functional requirements
include:

» Authorization levels
» Audit Tracking
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Major Phases: Requirements (Non-
Functional)

» Any requirement which
specifies how the system performs a
certain function.

» Describes how a system should o
behave and what limits there are on » Availability

Examples:

» Performance — for example: response
time, throughput, utilization, static
volumetric

» Capacity

its functionality. » Reliability
» Specify the system'’s quality attributes » Recoverability
or characteristics, for » Maintainability

example: “Modified data in a
database should be updated for all
users accessing it within 2 seconds.”

» A non-functional requirement for the

» Serviceability
» Safety, Security
» Reqgulatory

cup mentioned previously would > Environmen.tal
be: “contain hot liquid without » Data Integrity
heating up to more than 45 °C". » Interoperability
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Major Phases: Preliminary and

Detailed Design Example of a detailed design

» Intermediate and final designs. RN U
» It includes details and specifics for its| | T
iImplementation. jgz{_j[ g
» With sufficient detail to be AL
. . .| T,
implemented or produced by other |E
parties. e
. | I . |
» Based on many assumptions, [ =)
calculations, measurements, .
simulations, etc. | oEE T gd
» Produced USing an assortment of | 0 ENGHE ot m—zmm:—l;‘.sﬁgan;w GENERATOR No1 GOVERNOR |
|S. DOHTROL PAMEL (SYMCH] ] _Tl:l DP. b COMTROL WA &.6KY SW/BD
tools:
Drawing

O

o Simulation

o System engineering
o Etc.
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Major Phases: Construction &
Production

» This is the phase where the system is
built up using blueprints of the
detailed design phase.

» When the construction is done in
series, e.g., in a manufacturing plant,
then it is termed production.

» Testing is an important activity to be
done during construction.

» Types of tests:

Unit test

System test
Interoperability test
Stress test

Etc.

o O O O O
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Major Phases: Utilization

» This is the phase that starts when the
system or product is put in service.

» It ends when the system is taken out
of service or decommisioned
» Important activities:
o Operation
o Maintenance
o Troubleshooting
o Repair
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Model based systems engineering (MBSE)
» Engineers use system models to support their activity.

» Autonomous systems (AS, or ASys) is one example of a complex system.
» ASys shall follow a pervasive model-based approach:

o — An ASys will use models to perform its activity.

o — An ASys will be built using models of it.

o — An ASys can exploit its own very models in controling its behavior.

» Model-based engineering and model-driven behavior can then be merged
into a single phenomenon: model-based autonomy.
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Dormaan
Baquiremants

Model based systems Maragamact
engineering (MBSE)

» An architecture centric
domain engineering life-
cycle

» Pervasively Model-based
» Using:
o - Patterns

o — Components
o — Ontologies
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Model based systems engineering (MBSE)
A fundamental question

» What is the knowledge that an agent must have about itself in order
to achieve mission-level robustness?
» Knowledge about:
o — Goals
o — Resources
o — Constraints
o — Performance
o — Etc
» This is Systems Engineering Knowledge
» This is used in MBSE
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Model based systems engineering (MBSE)
Systems Engineering Process — IEEE 1220
- MBSE

5 A

PR ‘—————— o F——
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Model based systems engineering (MBSE)
Aspects of system modeling

Functional/Behavioral Model Performance Model
Stat | Shift |- Accelerate | Brake - ﬁf‘";gf" ?7 Ei‘:&i;ﬂ |, [;;ﬁ:_ﬁ'iiﬂ _,?_,
Requirements System Model o
;I Structural
/ \ r Safety
I
Cost
Engine — Transmission — Transaxle Model
Structural/Component Model Other Engineering

Analysis Models

Integrated System Models Address
Multiple Aspects of a System
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Model based systems engineering (MBSE): Benefits
» Shared understanding of system requirements and design
o — Validation of requirements
o — Common basis for analysis and design
o — Facilitates identification of risks
» Assists In managing complex system development
o — Separation of concerns via multiple views of integrated model
o — Supports traceability through hierarchical system models
o — Facilitates impact analysis of requirements and design changes
o — Supports incremental development & evolutionary acquisition
» Improved design quality
o — Reduced errors and ambiguity
o — More complete representation
» Supports early and on-going verification & validation to reduce risk
» Provides value through life cycle (e.g., training)

» Enhances knowledge capture
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Model based systems engineering (MBSE): What models do we need?

« Two modeling strategies:
— Use task-specific models: Models that can

be used for a specific task. A modelling
— Use universal models: Models that can be trade-off
used for anything.
« Note that models are exercised: BDt.h e
; . . heeded Iin SE
— Simulators simulate (using the model)
— Diagnosers diagnose (using the mudel}‘
P
‘x__________,,d-“
Model @Engine
R.H_______.__ﬂ..af
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Model based systems engineering (MBSE): Multiple level models

Component Models
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Day 1 - Introduction to systems engineering

The four pillars of SysML
» Structure

- What the system is
» Behavior

- How the system behaves
» Requirements

- What is expected from it
» Parametrics

- Quantification beyond qualitativeness

» SysML supports the specification, analysis,
design, verification, and validation of a
broad range of complex systems.

» These systems may include hardware,

software, information, processes, personnel,

and facilities.

SysML = Systems Modeling Language

1. Structure 8 e ]| 2. Behavior
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3. Requirements

4, Parametrics

LeSoft © 2018

Systems Engineering for Automated Vehicles

Page 34



Day 1 - Introduction to systems engineering

The four pillars of SysML

1. Structure
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3. Requirements

4. Parametrics
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The four pillars of SysML
The 9 SysML Diagrams

Structure Requirements
» bdd - Block Definition diagram req — Requirement diagram

» ibd — Internal Block diagram

» pkg — Package diagram Parametrics

par — Parametric diagram

Behavior

» sd — Sequence diagram

» stm — State Machine diagram
» act — Activity diagram

» uc — Use Case diagram
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SysML as an example language for MBSE
Structural Diagrams

SysML Diagram

r ----- --'J-
Behavior ! Requirement Structure
Chagram = Diagram Chiagram

x i -

Activity Sequence State Machine Use Case | Block Definition \ Internal Block .
Diagram Diagrarm Diagram Diagran Diiagram Diiasgram Fackage Diagram

.— L L J -
Same as UML 2 ! Parametric j
[ ]

D Modified from UML 2 '

"l ll Mew diagram type
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SysML as an example language for MBSE
Behavioral Diagrams

SysML Diagram

Behavior
Diagram

Activity
Diagram

Sequence
Diiagram

State Machine
Diagram

|:| Same as UML 2

D Madified from UML 2

1___! Mew diagram type

Package Diagram
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SysML: diagram summary
The 9 SysML diagrams

» req — Requirement diagram
» act — Activity diagram

» sd — Sequence diagram

» stm — State Machine diagram

» uc — Use Case diagram

» bdd — Block Definition diagram
» ibd — Internal Block diagram

» par — Parametric diagram

» pkg — Package diagram

SysML Diagram
[ [ |
Behavior Requiremeant Struciure
Diagram Diagram Diagram

Pctivity Sequences State Machine Use Case Block Definition ‘ Internal Block .

[ ] sameasumL2

D Modified from UML 2

Parametric
Diagram

- ---1

l___i Mew diagram type
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Block Definition vs. Usage

Day 1 - Introduction to systems engineering

Block Definition Diagram Internal Block Diagram

hdd [Fackage] Structure[ AB= Strocture Hierarchy LI

ibd [Block] AntiLock Controller [ Basic ]/J

‘\m

/N 7

cZ:

z=zhiock== ==hlock== z=hlock=>

Library:: Anti-Lock Library:: di * Traction
Electronic Controller Electro- Detector
Processol Hydr aulic Valve

==hlock== ==hlock== m : Brake
Traction Brake Modulator
Detector Modulator

Definition Usage

— Part is the usage of a block
in the context of a block

— Also known as a role

— Block is a definition/type
— Captures properties, efc.
— Reused in multiple contexts
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Sequence diagram

sd StartvehicleWhiteBox e
ecu:PowerControllnit epc:ElectricalPowerController
1: Startehicle -
1.1: Enable
i
1.2:read

Decomposition of Black Box Into White Box Interaction
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Day 1 - Introduction to systems engineering

State Machine diagram: Operational States (Drive)

sitm HSU‘JDperathnaIStalEE.)

.h_j
|f

start[in neutral]/start engine

~
Off b ey Offf——

ﬁw

shutOffistop engine

®

Nominal *
states only

4
f Operate —\
"“-h N
Idle
-
accelerate/ - \\
when (speed =0}
,-—rele-aE.EEral;e:'—\I
' ™
Accelerating' .
Cruising Braking J
1N
L_ M
engageBrake—— _/;"

Transition notation:
trigger[guard]/action
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Activity diagram

Day 1 - Introduction to systems engineering

Activity —p|act Sempe)
®
ki Output
Input _ /
\a b I
i-_ _iﬂ| | | o I:I _;f_ D—ll_fl_[l"l_ |
| ' ; outt |
e e E]-!"_ | <— Input
Il Imi
i b
“‘““T 7 o Output
oLt | | I—
O— ouz |

Activity Diagram Specifies
Controlled Sequence of Actions
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Use case diagram

uc HILWUseCases [Operational Use 'CSE-E‘-E}J
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Parametrics

Day 1 - Introduction to systems engineering

par [Block] Straickt Lins Yebicle Cynamics [ Yelue Bindings ]‘J
v.h.absmi.duty cvcle @ % | VIMass : Ko
v.e.Liriction @ N v.brbraking force @ R
tiop | H: hi: M M Ko
LI L L, n ]
e1 : Braking Force e : Acceleration
Equation Equt‘linn
T=[tr=af (1A -
[t=ltrar - s mizepa (TEmhAl
S Mmisec”d
e : Distance Equation |_|
[vmdlfolt} 3 : Velochy Equation
¥ m'sec W MisEn ta=dvict |
ImE il
w.position : m clk.time : sec J

Using the Equations in a Parametric Diagram
to Constrain Value Properties
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Introduction to Self-Driving Vehicles

» Depiction of the main technologies
of autonomous systems o

» Perception and modeling Map building
» Localization and map building
» Path planning and decision making

» Motion control iome tla;:::me
» Many algorithms: e.g., computer
VvISIONn
» Examples of computer vision tasks:
o Lane and road detection, Environment
o Traffic sign recognition aﬁﬂ;’;g

o Vehicle detection and tracking
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/.:. Hierarchical, Modular Sub-systems

» Connectivity, Mapping, & Localization
» Perception and IMU

» Planning & Control Hierarchy

» Safety & Cybersecurity

. =
fF’_i:‘:nau nnectivity Mapping &Localization

P g
Route Planning L —————— —— =

= Behavioral PIannmgL-f— - — Safety &
————— Motion Planning - — { — p| Cybersecurity
e Control and ‘ -
Actuation :
k . . J /
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Marme

Mo automation
™
i

Driver assistance

IR TTNNY )

]
i

-

Conditional automation
the dristeg mode- specill performan ol by an
itnmaape g e s Py SteT i & ATIECES J ﬂ ﬂ ﬁ
<y . 1l < ] - "- L - s -y

Pl ar LR o £l

IRENEFRRRERREED

Y oyl Rt

EE R

High automation

L Lo (= LU cille perforrman os By an

_. M o task. awem o3 B s
= = Aol saspond Sppropeately o o

L= 1

(A2 2L AR LY

Full automation

il - tanen . porformance by an aartormstec
x =B imichs F rishc] 1]
o

1w TR TR = et - Trrot =
i Mnasd by & P = o iFif
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=

< Planning: How do | < Control: What do |
get there? command to get
<+ Navigation there?
%  Behavioral

/

< Motion

\ (0) Roundaboul behavior inking different exits,
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(>

>

>

>
>
>

"

Mission planning: Involves several
destination or routes.

Route Planning (Navigation)
o Behavioral decision making
= | ocal motion planning
— Feedback control

Destination — route planner
Output: Route tru the network
A behavioral layer — motion

specification (to progress along
the selected route and abides by
rules of the road.)

User specifiied

Road network data
—}-—

|
Sequence of waypoints through road network

¥

Behavioral Layer

Perceived agents,

obstacles, and

signage
—_—

destination

'

\

Route Planning

A

T
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/Planning Hierarchy:
Motion Specification

» Motion planner: solves for a SN .
. . . . otion Planning
feasible motion accomplishing the estmated pose and

collision free space

specification. Outputs: path or - ——
trajectory. @

. Reference path or trajectory
» A feedback control system adjusts | |

actuation variables to correct T i e

errors in executing the reference ™™o e | N

path. N %
Steering, throttle and brake commands

\_ -
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4 N

+ Perception: What do | T —

perceive? (see, hear,...) Where am |?

L)

Environment Perception
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PERCEPTION SENSORS: CAMERAS

» A passive technology, array of
detectors that are sensitive to light
intensity originating from a field
of view (FOV).

» Photo detectors:

o CCD (charge couple devices)

o CMOS (complementary metal oxide se
miconductors)

» Detectors configured as 2D arrays
of pixels (picture elements) where
each pixel can detect
monochrome (using a gray scale) oblectAverdance
or multi-chrome light using the
basic colors blue, green, and red.
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/b Made of an array of detectors that are sensitive to light
originating from a field of view (FOV)

» The array of detectors are made using (charge coupled
devices) CCDs or (complementary metal oxide) CMOS
technologies

» The detectors are configured
as 2D arrays of pixels
(picture elements) where each
pixel can detect monochrome

-

‘rl .:‘-1. i

it B
3 ’
.
o

basic colors blue, green, and

\ red

~

LeSoft © 2018 Systems Engineering for Automated Vehicles



N B
- MAGW( Day 1 - Introduction to systems engineering

PERCEPTION SENSORS: LIDAR

» Active sensor, it emits a laser
beam and detects a corresponding
beam that is reflected upon hitting
an object.

» There are two types of lidar:
o Flash
o Scanning

» Flash LIDAR sends out a burst of
infrared (IR) light through a laser
to a fixed FOV.

» The reflected light from objects in
the path is received typically in an
array of p-i-n photodiodes.

» The received signal is then
analyzed to compute the distance
and angular location of the object.

Object Avoidance
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/b Mechanical/spinning LIDAR.
» |R-coherent light is emitted from a laser
» Then collimated and circularized into a beam

photodiode (APD).

» Multiple emitter—detector pairs are mounted on a column
that is spun by a motor typically between 10 and 20 Hz

» These systems have good signal

to noise ratio and generally
provide 360° HFOV.

N

» Each beam is matched with a receiver, typically an avalanche

~
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. . Voxel :
Lidar Point Cloud : Partition Grouping

» A cloud made of returns of a lidar
sensor.

» Returns are modeled as points p;
»P.=1[x,y,z,r]" € R*

> (X;, Vi, z) : XYZ coordinates

» (r;): received reflectance

» Voxel

o A cube that contains a set of points
- . «(1, 0, 9)
(similar to a pixel but 3D) P

Point Cloud Applications
» Object detection

0
» Sensor fusion Ei

o With camera z
o With radar P -
o W.ith camera and radar

%

e

e

DN\

DxHxW

Y
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PERCEPTION SENSORS: RADAR

mid-range mode

Detects: |
> Range long-range mode
» Bearing (angle) "_gy' ;!u-
» Velocity !

'
Of a set of targets in the FOV of the O il 174m
Radar.

Mode of operation:

+ 8 = —40°
» Short range Trget (r:0)
» Mid range e —
L o _J,,‘:-’E ; Lateral distance
5 BATIILE
ong range suppor] BT . -
| [,,-4 meitudinal distance g=10°
Yilr
N0 = 440
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/Radar: FMCW \

/

% An RF transmitter and receiver pair (with own antennas)

< The transmitter sends bursts of sinusoids starting at a frequency 7,

and linearly increasing up to frequency 7, over a time interval of 7
seconds.

< If an object is in the FOV of the sensor, it will reflect the signal and it

will be detected by the receiver at a frequency 7, called the beat
frequency

L)

L0

L)

N
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/b Radar: Example Test Data

H- 2o [I_:l
-20 r==25m 20
\ /
-40 .| : 20 { 40
. \ ¥ ;
\ \ i /
, | : of g
Y 15 i
At \ 3 ﬁ Iy
\ Y § g y
A ¥ : o 4
X ! = | P
: 10 p
% \ % - i —
A ; _ i % & =-d0
b J : .
3 § I I'."L = <}?
! g * 4 =0°
1
L ig ¥ lljll. = S
: "'*.':I.r *— |'.l'I = ﬂ-l::l":'
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Radar Outputs

o Range (distance)
o Speed (velocity)
o Angle

» Can track multiple objects

» Good a providing ROI (Regions of
Interest)

» Disadvantages ;
o Cannot be used for object | SR
identification SR i i
o Resolution is not the best
o Limited ability to detect static objects

» Needs to be supplemented with
other sensors (camera, Lidar)

» Multiple challenges
o Synchronization
— 10}

o Related coordinate systems -80 <60 -0 - O W W 0
Azimuth Angle /

Delphi Automotive Radar provided by AutonomouStuff

=

adal Yelocity § (mfs)
|
g
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PERCEPTION SENSORS:
ULTRASOUND

» Active technology using sound
waves

» A transmitter sends a pulse

» A receiver receives reflected
pulsed that hit objects in the FOV

» Speed of sound = 343 m/s

» At this speed, the applicability of
this technology is severily limited.

» Used as a complementary _
technology for low speed tasks BRI
(e.g., parking)

» Usually, a ring of about a dozen
sensors are sufficient
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PERCEPTION SENSORS: PRINCIPLES TIME OF FLIGHT
OF OPERATION d=ct/2
c=Af
c: speed of light (3x108 m/s) c: 299,792,458 m/s
A: wavelength t: time of flight

f: frequency d: distance to object (target)

» Path Loss:

» Active sensor:

» Passive sensor:

» TOF: Time of flight
» Light detector

» Frequency change (doppler shifty ... o\t

Transmdl pulss

Hacalve acho

Leading
edge imer

Trailing edge
Start reference
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sensor limitations.

Cameras

Radar

Sensor
Fusion

/P Sensor Fusion: One method to deal with on board AV \

» Data from many raw sensors are combined to yield more
usable information: low level, high level sensor fusion.

World
Representation

Lidar

\

)
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Radar & Camera Data Fusion
Region Generated by Radar Data
» This includes position and area
» Will be certified with image data

» STEPS
o 1. Pre-treatment of radar data (R,0)
o 2. Map to image coordinate syst.
o 3. Find corresponding point O, in
image.

Win
o 4. Assume that O, is in the center of ﬁf (R, — L}’:‘_:'S':gr ta) [F
the target. Ef = M M; {E,-—L}siﬂf rta)| g Ly
» There could be various regions 1 1 _GL
» Region is defined by their coord.:
o Lower left: X, Y, Z W
o Lower right: X,, Y,, Z, X (Rr — L) ’:*_“(E'T —a)] (=2
T , el _ (R, — L)sin(8, — a) Hm
» Wm, Hm: Maximum size of vehicle z,| = MeMs 1 . .
» o,L: angular and range resolutions : ! 0
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IMU: INERTIAL MEASUREMENT UNIT

» Supports the localization and
planning sub-systems.

» Typically composed of
o Gyroscopes
o Accelerometers
o Magnetometer

» Gyroscopes: angular
accelerometers:
o Yaw, pitch, roll

» Accelerometers: linear
accelerometers:
o XV Z
» Magnetometer

o Enables calculation of the north
direction

Object Avoidance
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/VZX: The SAE 2945 Standard (DSRC): Arquitecture \

- ]
Dual Band DSRCY OBE { s OBE Dual Band DSRC/
GMNES Antenna : GHN3S Antenng

DSRC

GNSS Receiver GMNSS Receiver

uajshsgng
guiuonisod
LaisAsSgNg

Fuiuolisod

Diwersity
DSRC
Artenna

DSRC Radio OBE Control
Subsystem Processor ECU

OBE Control DSRC Radio
Processor ECU Subsystem

Vehicle CAN Bius Vehicle CAN Bus

Safety
Application ECU

Safety
Application ECU

Driver-Vehicle Interface (DVI) Driver-Vehicle Interface (DVI})

Vehicle Side

Infrastructure Side

\ Security Credential Management System (SCMS5) /
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/>GPS: Global positioning system \
» A system that uses up to 32 satellites to provide position information

» It requires direct links with satellites (poor indoor performance)

» Not good accuracy (~ few meters)

» Many company provide embedded chips with GPS receivers & decoders

» By themselves, not sufficient for autonomous driving
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/ The role of a map in automated driving \

Wilhelmrstadt

Getting from Planning the next Complement Making automated
Ato B maneuver within Sensors in driving feel
and beyond positioning comfortable

sensor horizon

Source: https://www.adaptive-
ip.eu/files/adaptive/content/downloads/moods/Deliverables%208%20papers/1TomTom_TomWestendorp.pdf

/
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4 — . N

Automated Driving requires an environmental model

Professional
sources _
M rn‘n?—l j 5 -.'{_nt}-- w-_:i

HDS | TISA a ﬁ
a O
W

[ TE
Live Map data

= Slippery roads

Map & Service
Production Platform

T SENSORIS

Environmental model

S5

Incremental
Map updates

»  Foad blocks

= Jams Ahesd
ADASIS ADASIS - andmore ...

e
Sensors Live map
map
Source: https://www.adaptive-
Vp.eu/ﬁIes/adaptive/content/downloads/ moods/Deliverables%208%20papers/1TomTom_TomWestendorp.pdf j
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Introduction to the Safety of Self-Driving
Vehicles

“AV Operational Safety”

» (1) Traditional functional safety as defined
by ISO 26262

» (2) SOTIF
Safety of the intended functionality

» (3) Multi-agent safety
Driving with others

LeSoft © 2018 Systems Engineering for Automated Vehicles Page 72 '



»
- MAGW Day 1 - Introduction to systems engineering

Introduction
Passive Safety

» Assuming that an accident is effectively inevitable, the aim of passive safety
mechanisms is to minimize the severity of that accident.
o Examples: Seatbelts, crumple zones, etc.

Active Safety

» The systems that are concerned with active safety (based on the knowledge
of the current state of the vehicle) -aim to avoid accidents altogether

o Examples: Seatbelt pre-tensioning, airbag deployment, predictive emergency braking, anti-|
ock braking systems and traction control

Functional Safety
» This focuses on the correct function of all the electrical and electronic sub-

systems

o Examples: Power supplies, sensors, communication networks, actuators, including active saf
ety related systems
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Errors, faults, failures, hazards,
accidents, mishap

» Fault

o abnormal condition that can cause an elem
ent or an item to fail

o Permanent, intermittent, and transient faults
are considered.

o When a subsystem is in an error state it co
uld result in a fault for the entire system.

» Errors

o Discrepancy between a computed, observed
or measured value or condition, and the tru
e, specified or theoretically correct values

o An error can arise as a result of unforeseen
operating conditions or due to a fault
» Failure

o Termination of the ability of an element or i
tem to perform a function as required

e

Our vehicles:

« calculate their paths 10 ti mesper second

+ predict multiple paths at arice

* anticipate the movement of objects around-them
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Errors, faults, failures, hazards,
accidents, mishap

» hazard

o potential source of harm caused by malfunc
tioning behaviour of the item

» Harm

o Physical injury or damage to the health of
people

» accident
o An unexpected and undesirable event

» Mishap

o Unfortunate, unpredictable outcome Our veRicles;
> R| S k « calculate their paths 10 hmesper second

) ) o + predict multiple paths at arice
o Combination of the probability of occurrenc

e of harm and the severity of that harm

» Severity

o measure of the extent of harm to an individ
ual in a specific situation

* anticipate the movement of objects around-them
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Errors, faults, failures, hazards,
accidents, mishap

» Safety

o Absence of unreasonable risk

» Exposure

o State of being in an operational situation th
at can be hazardous if coincident with the fa
ilure mode under analysis

» Controllability

o avoidance of the specified harm or damage

through the timely reactions of the persons i Or velicton
nvolved

« calculate their paths 10 hmesper second

+ predict multiple paths at arice

* anticipate the movement of objects around-them

» Functional Safety

o Absence of unreasonable risk due to hazards
caused by malfunctioning behaviour of £/E
systems.
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Introduction (cont ...)
» Risk reduction measures and mechanisms.

Environment

System

Accident

/Hn:-lrl:l"""

Ern:lr ﬁF,ﬂ,"ure—-Fﬂilure

Component A Component B

Fail-Safe
ailure

Fail-Operational
Fault-Tolerant System
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Safe Autonomous Vehicle platform: Safety-critical components:

Salf-Driving Computer

The Crulss Ay has two mainomputar
SYStEMS operating simultareously, so
if the primary computer has a problam,
tha sacondary systam is thera to

take over.

Vahicle Localization

The wvehicle's location 15 estimated by
many different methods, which means
that ewan if the localization information
from one system becomas unavallable,
tha wehicle can use lecalization
information generated by other sourcas,
such as from LIDWR data o from our
inartial tracking systarm.

Elactrical Powar

We have Induded redundantelectrical
power sounces and power distribution
for all iImportant systams. Maln power
is prowidad through the high woliage
electric wehicle battery. Should power
from that battery fail, backup batteries
willl powser all critical sensars, computers
and actuators.

Signal Communications

Communications betessan computers,
sansors and actuators have an alemats

path if the primary fails.

o our seif-driving wehicles, the steering
and braking systems have rdundant
motor actuators, electrical power and
cormputer elactronics so tha wehicle can
respond safiely and keap parforming
during a fallura.

Systermn Robustness
All critical syustams haws baen designad, tested and valdated through Intrusiee tasting,

Perception Sensors

sensor dwarsity provides confidance that
the salf-driving systerm can detect, track
and classify objects around i Field of
wlewr ovarlaps enable 380-degrea Wsion
ewan Ifa sansor falls

our wehicle includes a crash-lmminent
braking systam librated towork as a
backup to the salf driving system that
can apply the bakes 1o stop the car

if nacessarny,

Integrated Vehide

Health Monitor

Keaps track of diagnostics for all
seltdriving systems in the wehicle
and determinas cperating state
of thevehicle.

tast track dura bility testing and axtansive on-road milaage accumulation,
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Safety function

» Any specific functionality specifically
designed to mitigate risks.

» Safety goal

» Top-level safety requirement as a
result of the hazard analysis and
risk assessment.

» A safety goal is specific to one or
several hazards and associated risks.

Example.

» Let's assume a specific hazard: "A
lidar based pedestrian detection
system gives false negatives'

» The corresponding safety goal can
be: " The autonomous vehicle shall
not hit pedestrians.”
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Development of Safety Goals

» Safety Goal: top-level safety requirement as a result of
the hazard analysis and risk assessment

» A safety goal is to be determined for each hazardous
event evaluated in the hazard analysis

» ASIL determined for the hazardous event is to be
assigned to the corresponding safety goal.

» Potential hazard may have more than one safety goal

» If similar safety goals are determined, they can be
combined into one safety goal that will be assigned the
highest ASIL of the similar goals
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Risk reduction

Any design, method, techniques, measure, mechanism or
process used to reduce risk to an acceptable level.

Safety measure & mechanisms

Activity or technical solution to avoid or control
systematic failures and to detect random hardware failures
or control random hardware failures, or mitigate their
harmful effects

Note: Safety measures include safety mechanisms.

EXAMPLE: FMEA and software without the use of global
variables.

Residual risk
Risk remaining after the deployment of safety measures
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Risk reduction mechanisms

» Adopt a safety culture

» Adhere to appropriate standards
» Use safety architectures

» Systematic failures
o Design and code reviews
o Use of simulation (e.g., algorithms)
o Testing
= Unit test
= System test

» Random failures
o Fuse sensor data
o Include redundant HW & SW components
o Use certified components, particularly comp

uting

o Use of checksums
o Use of diagnostics
o Perform plausability checks
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Development of the Functional
Safety Concept (FSC)

» FSC: Specification of the functional
safety requirements with associated

information, their allocation to . 2 e o
architectural elements, and their — Il'--" W S
interaction necessary to achieve the 2 ’.:_ R T 9 (8) meamans
safety goals ey RN T
> Eg. (GM). TS ) £ 5~ ©
> The first key safety performance S
threshold:

o Our vehicle can keep operating proper
ly even if there is a failure in a critical
system (fail-operational functionality).

» The second key safety performance
threshold:

o We evaluate the operations of all critic
al self-driving functions (qualitative &
quantitative)
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Development of the Functional Safety Concept (FSC)

» |SO 26262 phases: concept, product development, production, operation,
service, and decommissioning.

» FSC is the end work item of the concept phase and beginning work item of
the product development phase

» Main components of FSC:

o Top level system design

o Hazard risk analysis

o For each hazard:
» Hazard risk assessment
= ASIL determination

o Risk mitigation measures
= Safety architectures

» The next phase (product development) takes the FSC design specifications to

develop system, hardware, and software sub-systems with the required level
of risk reduction
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mirm g ks e L Eew ey deva waeaw

Development of the Functional Safety Concept (FSC)
» AV top level design

o Functionality

o Perception system
o Computing platform
o AV platform

» Failure identification

Development Process

o Random
. Simulate
o Systematic | _
> AV safety critical subsystems | . Drive

» List of errors, faults, failures

» AV safety goals

» Preliminary hazard analysis (PHA)
» Assignment of ASILs

» Risk mitigation and risk reduction
o Systematic failures
o Random failures

=
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Preliminary hazard analysis (PHA)
» An analysis of all potential hazards including

©)

o O O O O

©)

» Example

©)

O O O O

An identifier

A description

Inputs (causes) of the hazard
Resulting state (if known)
Worst case harm produced
ASIL rationale

Associated safety goal

Hazard identifier: PER_028
Hazard description: Camera system cannot detect distance to pedestrian.
Worst case harm produced by the hazard: AV hits pedestrian.

ASIL rationale: Very high

Associated safety goal: AV shall not hit pedestrians.

» NOTE: A safety goal ~ Safety Instrumented Function
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Introduction to Multi-agent safety: Sharing the road with others

» AV safety taking into accounts multiple agents “multi-agent safety” or
"behavioral safety”

» In the context of multi-agent safety, can we guarantee safety? If so,
under what conditions?

» Ultimate goal: guarantee zero accidents, is this possible?

» Impossible since multiple agents are typically involved in an accident and
one can envision situations where an accident occurs solely due to the
blame of other agents.

» Model based approach is important that complements “Functional Safety”
approach which is probabilistic based.

» Model "Responsibility Sensitive Safety” (RSS)
o Formalizes the notion of “accident blame”
o Interpretable and explainable
o Incorporates a sense of “responsibility” into the actions of a robotic agent.
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Multi-agent safety: Sharing the road with others

» Agents play a non-symmetrical role in an accident where typically only
one of the agents is responsible for the accident and therefore is to be
blamed for it.

» Cautious driving. under limited sensing conditions, not all agents are

always visible (due to occlusions of kids behind a parking vehicle, for
example).

s it possible to achieve absolute safety?

» An action taken by a car c is absolutely safe if no accident can follow it at
some future time.

» It is impossible to achieve absolute safety, by observing simple driving
scenarios.

» What kind of actions or behaviors (e.g., staying in its own lane) can be
considered safe?
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R P S e -

Vehicle Dynamics Considerations

» Vehicle safety in a multi-agent
environment has to take into
account the dynamics of:

o Vehicles (ego and other)
o Pedestrians
o Other objects
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Multi-agent Safety: General Considerations

» Safety in the context of behavioral planning

» Complete avoidance of every accident scenario is impossible
» There is a lack of safety guarantees: how do we provide them?
» Can we define “cautious driving"?

» We need a formalized model for fault

» We need safety test & validation processes
o Data-intensive?
o Model based?
o Fault Injection?
» |s it appropriate to assign “responsibility” or “accountability” for
accidents?
» Related terms:
o Fault
o Blame
o Guilt
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Accidents: Fault, Blame, Guilt

» Fault: suggests a failure or deficiency on the part of the responsible
party.

» Example: It's my own fault that | wasn't prepared for the exam.

» Blame: stresses the assignment of accountability and often connotes
censure or criticism.

» Example: The police laid the blame for the accident on the driver.

» Guilt: applies to willful wrongdoing and stresses moral or legal
transgression.

» Example: The prosecution had evidence of the defendant's quilt.
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Responsibility Sensitive Safety (RSS)
» Normalizes the notion of “accident blame”

» It is interpretable and explainable, and incorporates a sense of
“responsibility” into the actions of a robotic agent.

» Agents play a non-symmetrical role in an accident

» Typically only one of the agents is responsible for the accident and
therefore is to be blamed for it.

» The RSS model includes “cautious driving” under limited sensing
conditions where not all agents are always visible (due to occlusions of
kids behind a parking vehicle, for example).

» |s it possible to construct a set of local constraints on the short-term that
guarantees Safety in the long term?
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Responsibility Sensitive Safety (RSS): Definitions
» Blame Time:

» The Blame Time of an accident is the earliest time preceding the accident in
which:

o there was an intersection between one of the cars and the other’s corridor, and
o the longitudinal distance was not safe.

» Exposure Time:

» The Exposure Time of an object is the first time in which we see it.
» Blame due to Unreasonable Speed

o Assume that at the exposure time or after it, car c1 was driving at speed v >
vlimit, and cO wasn’t doing so. Then, the blame is only on c1. We say that c1 is
blamed due to unreasonable speed.
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Responsibility Sensitive Safety (RSS): Definitions

» Accident-with-Pedestrian Blame

» The Accident-with-Pedestrian Blame is always on the car, unless
» one of the following three holds:

o the car hits the pedestrian with the car’s side, and the lateral velocity of the
car is smaller than , w.rt. the direction of the hit.

o the pedestrian’s velocity at the exposure time or later was larger than vlimit.
o the car is at complete stop.

» Default Emergency Policy (DEP)
» The Default Emergency Policy (DEP) is to apply maximum braking power,
» and maximum heading change towards 0 heading w.r.t. the lane.
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Responsibility Sensitive Safety (RSS): Definitions
» Safe State

» A state sis safe if performing DEP starting from it will not lead to an
accident of our blame.

» Cautious command

» Suppose we are currently at state s0. A command a is cautious if the next

state, s1, will be safe with respect to a set A of possible commands that
other vehicles might perform now.

» Sensing System

» Let S denotes the domain of sensing state and let X be the domain of
raw sensor and mapping data. A sensing system is a function X -> S.

LeSoft ® 2018 Systems Engineering for Automated Vehicles Page 95 '



»
- MAGW Day 1 - Introduction to systems engineering

Guaranteeing Multi-agent safety: Calculation of the minimal safe
longitudinal distance

Definition. Safe longitudinal distance:

» A longitudinal distance between a car ¢, and another car ¢, that is in ¢'s
frontal corridor is safe w.rt. a response time p if for any braking
command a, |a| < amapraker PEFfOormed by ¢;, if ¢, will apply its maximal
brake from time p until a full stop then it won't collide with c;.

» Main parameters

P Aay braker dmaxaccel: Maximum braking and acceleration commands.

» v, v . Longitudinal velocities of the rear and front cars

» ;1 : Lengths of the cars

»Vomax =V T P Xa

» p : Response time

max,accel
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Guaranteeing Multi-agent safety: Safe cut-in of the ego vehicle

What are the checks (conditions, requirements) so that there can be a safe
cut-in of the ego vehicle?

Main parameters

» ¢ ¢ : Ego and another vehicle

» [0, t, kel - time interval in consideration

> E4iag - LENgth of a diagonal of a minimal rectangle bounding ¢.
> Clengtn(t) : Longitudinal “span” of c in time t.

> L(t) - (édiag + CIength(t) )/2

» C,iqtn(D) : Lateral “span” of c in time t.

> W(t) = (Chiag + Cwiatn(t) )/2
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Safety of the Intended Functionality (SOTIF)

» The safety of self-driving vehicles is different from safety in other
industries such as:

o Avionics

o Process Industries (Chemical, Oil & Gas, Petro-chemical, etc.)
o Automotive

SELF-DRIVING VEHICLE SAFETY ATTRIBUTES
» Performance degradation

» Focus on software

» Non-deterministic perception system

» Perception system complexity

» Overall system complexity
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Safety of the Intended Functionality (SOTIF)
PERFORMANCE DEGRADATION

» Traditional safety is based on faults and failures of mostly hardware
components (reliability approach to safety)

» In contrast, accidents involving self-driving vehicles might happen even if
no hardware device fails, but rather a performance degradation of some
of its functions or intended functionality occurs, (SOTIF)

» Some failures are due to performance degradation of self-driving vehicle

components, typically involving higher levels of processing or higher
levels of automation, e.g., service failures.

» Examples of failures:
o missed detections (i.e., false negatives)
o spurious detections (i.e., false positives).
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Safety of the Intended Functionality (SOTIF)
SELF-DRIVING VEHICLE SAFETY ATTRIBUTES

» Non-deterministic perception system

o One cannot predict errors in the perception system
» Perception system complexity

o The nature of data (e.g., 3D point cloud)

o Huge size of data produced by sensors
» Overall system complexity

o Computing

o Communications

o Localization and mapping

o Control and actuation
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Safety of the Intended Functionality (SOTIF)
» Related to the performance degradation attribute
» Intended functionality: ‘the behavior specified for an item, component,

» or service excluding safety mechanisms.” (ISO 26262)

» Examples of intended functionalities:
o vehicle detection
o lane detection
o road detection
o pedestrian detection

» SOTIF. It involves accidents that can happen:

o Even if all of the hardware components (i.e., sensors, computing units, comm
unication networks) of the perception system are fault free.

o Due to errors in the sensor processing and perception functions (e.g., vehicle
detection).
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Self-Driving Vehicles: The perception system

| &
- vipecmerss

Blind-spot, side-view (mirroriess cars),

accigent recorder, rear park assist 3D cameras
LD”E"'H"EE rﬂdﬂr Stereo cameras: direction & distance Tor Gesture recogpr I

LDWS & traffic sipn recpgnitior presence Qotoction,

A dant ive ruse Control driver Manitoring .
I = P
1 > k

Night vision camera

*

Short-range radar
Front & rea irking

LIDAR

3B midpping of surrotndings

Dead reckoning sensors
Odedesimviety

\{@dit: EE Times.

Ultrasound

lestrian & obstacle detection

Pedesprian / animal detection
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ROLE OF PERCEPTION IN
AUTONOMOUS VEHICLES

» Sensory role
o Image
o Lidar
o Radar
o Ultrasonic

» Communication role

» Localization support role
» Planning role

» Control support role - :
> Safety role Object Avoidance
» Security role
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/ Perception system \

/

% Made up of sensors for autonomous driving and navigation
% Main sensors:

Radar (active): 77 — 81 GHz (long range)

Lidar (active): light generated by a laser.

Ultrasonic (active): not accurate enough.

Cameras (passive)

e

*

/
’0

L)

/
’0

L)

e

*

Environment Perception

N /
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Self-Driving Vehicles: The radar sub-system

A radar detects range, velocity, and angle of several moving targets near the
ego vehicle.

» The sensor unit emits raw Radar sensor data at a certain rate through a
communication network that is typically CAN, CAN-FD, or Automotive
Ethernet.

» The raw data is processed in software by the Radar DPU and Radar Filter
units to produce a detection vector and selected object respectively.

> Detection Vector = Set of {position, velocity, angle}
HARDW ARE SOFTWARE
|[ ______ N EE':"“ :_ Detection _iS;'?:;d
| | 289 | Radar | Vector | Radar | ! -
| Sensor [ - - . -
| | , | DPU Filter | |
| |
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mrapnk mry dra g

Self-Driving Vehicles: e
g L ki, Time =] Daatination Pritadnl L!?I'lgﬂ"l i 1]
h I 1 3, SpEEaaea 192, 168.1.2 225.9.8.1 Lne 11%4 31122 + 31122 Len=1112
T e radar SUb'SyStem P s e i T 192.168.1.2 215.8.68.1 upp 1154 31122 = 31122 Len=1112
3@, 8012732%3 192.188.1.2 225.0.68.1 upp 1154 21122 = 31122 Len=1112
> Data from Wi reSha rk 4 . 0a15514AF7 192.188.1.2 225.8.8.1 upp 1154 21122 + 31122 Len=1112
5 @.091681543 192.168.1.2 225.90.8.1 upp 86 31122 - 31122 Len=944
6. Ba031123a 192.188.1.2 225.8.8.1 upp 1154 21122 + 31122 Len=1112
7 a. 10847936 192.168.1.2 225.8.8.1 Lpp 1154 31122 = 31122 Len=1112
& a.e11pgs131 192.188.1.2 225.8.68.1 LiDp 1154 31122 + 31122 Len=1112
9 a. 811312675 192.158.1.2 225.9.8.1 LDP 1154 31122 -+ 31122 Len=1112
18 @, 811453184 192.158.1.2 225.0.8.1 Linp 286 31122 + 31122 Len=544
11 @, 8203566433 192.168.1.2 225.9.8.1 Lo 11%4 31122 -+ 31122 Len=1112
12 @, 8205858 192.1&58.1.2 225.0.8.1 Lnpe 11%4 31122 + 31122 Len=1112
13 @, 829852861 192.158.1.2 225.8.8.1 Lne 11%4 31122 -+ 31122 Len=1112
14 @, 310RR6ERE6 192.1&8.1.2 225.0.8.1 Liope 11%4 31122 + 31122 Len=1112
1% @.8399485%9 192.1658.1.2 225.8.8.1 Lng 11%4 31122 -+ 31122 Len=1112
16 6.182312291 192.168.1.2 225.8.8.1 Lop 1154 31122 = 31122 Len=11127
17 @, 41483669 192.168.1.2 225.8.8,1 LnP 11%4 31122 -+ 31122 Len=1112
18 @, 841837422 192.168.1.2 225.9.8.1 une 11%4 31122 + 31122 Len=1112
12 @, 42816543 192.168.1.2 225.8.8,1 LnFE SE6 31122 + 31127 Len=S44
£/ 3, 840841389 192.168.1.2 225.9.8.1 une 11%4 31122 + 31122 Len=1112
21 @, e50REERET 192.168.1.2 225.9.8,1 uppe 11%4 31122 + 31122 Lenm=-1112
£2 8.895115971 192.168.1.2 225.9.8.1 une 11%4 31122 + 31122 Len=1112
23 8,.85135002 26 192.168.1.2 225.9.8,1 Lnp 11%4 31122 + 31122 Lenm=-1112
T4 B ARISETGRT 147 1&@ 1 73 TIS A&7 ine oA 11T o ITTTT D amwm AN

» Frame 1: 1154 bytes on wire (9332 bitc), 11%4 bytes captured (9232 bits) on interface @

+ Ethernet II, Src: MS-NLE-PhysServer-08 02:03:00:00 (@2:08:82:03:88:08), Dst: IPwdmcast B1 (B1:0@:5e:00:88:91)
+ Imternet Protocol Versiom 4, Sec: 192 168 1%, Dst: 235 8.8.1

» User Datagram Protocol, Src Port: 3112, Dst Port: 31122

+ Data (1112 bytes)

i Bl B@ S& OE OF 01 B2 BE 92 93 B0 B0 BE 82 45 89 - E
2 B4 74 a9 b9 28 208 £f 11 6b 13 <@ aB @1 82 el B2 t-- k

GO0 B9 Bl 79 92 79 %2 64 o8 fc Jb €0 do ©F 91 BE B9 ¥y 1

0EE0 B 58 A0 80 93 93 81 91 A1 @8 S5h ed &4 58 bo @ P-- P
0 B3 B4 68 d8 £3 A 31 3B bc 9o Ga o6 00 09 dd fo h---18 -3

i @2 8@ dd fc @8 I1 42 37 B85 Z1 83 1 @3 @0 B85 BF laT .|

& fo /b 6O c3 ed B 25 &7 o5 10 88 46 80 27 68 84 { £ F-*
L B0 B4 00 04 20 77 06 18 Q0 90 @8 Fa £ 57 83 3d W z-W-=
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SysML: Example of a bdd diagram

bdd [Block] Camera [Fower Subsysiem]| )

Mechanical Power
Subsystem

Mgl

azimuth elevation
miotor maotor iris motor i{f{:ﬂ:us motor  power source
k! ) h
Stepper Motor Distribution Harness Brushless DC Motor
Module Module FOwEE uppy
rafsrsnces

: Cameara Hamess
: Elactronics Hamess
: Mount Harmess

This diagram says that the Mechanical Power Subsystem of a
Camera is composed of several modules: Stepper Motor,
Distribution Harness, Brushless DC Motor and Power Supply.
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SysML diagram structure

» Each SysML diagram focuses into a single model element
» Note that the model is hidden and we use diagrams as views
» Diagram context and ID is indicated in the header:

o — Diagram kind (act, bdd, ibd, sd, etc.)

o — Model element type (package, block, activity, etc.)
o — Model element name
O

— Diagram name or view name
» A separate diagram may be used to indicate if
the diagram is complete, or has elements elided (omitted)

Diagram Description L,

Wersion:
Desonpbon:

Header Reenor

»*"] (User-defined fields)

'S il

5
sdiagram usages
diagramiind [modeiElemeniType] modeiElementName [dagramMName]

Contents
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SysML diagram components
» Frame

» Header
» Content
» Description

Diagram description \‘*
Version = s
Description  DE€SCription
Completion status '

Reference
Header User-dsfined fislds

=
HH ol

|

f

\

-
-

‘ «diagram usage» :
diagram kind [model element type] model element name [diagram name] /

Content

Frame
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SysML diagram header

A rectangle with lower right corner cut-off. It includes the following:
» — diagramKind — an abbreviation indicating the Type of Diagram

» — [modelElementType] — type of Model Element the diagram represents
» — modelElementName — Name of the represented model element
» — [diagramName] — Name of the diagram

» — <<diagram usage>> - Keyword indicating specialized diagram use

T

«diagram usage»
diagram kind [model element type] model element name [diagram name]
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SysML diagram header

The diagram header diagramKind indicates the type of diagram:
» req — Requirement diagram
» act — Activity diagram

» sd — Sequence diagram

» stm — State Machine diagram |
» uc — Use Case diagram pkg [modellibrary] Standard Defir
» bdd — Block Definition diagram

» ibd — Internal Block diagram |

» par — Parametric diagram wrnodel Librarys
» pkg — Package diagram SysML::Sl & ——————
Definitions HEpaty
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SysML diagram header

The [modelElementType] indicates the type of model element that the
diagram represents

Not all combinations are possible:

» — req — package, model, model library, requirement
» — act — activity, control, operator

» — sd — interaction

» — stm — state machine

» — uc — package, model, model library

» — bdd - block, constraint block, package, model, model library
» — ibd — block

» — par — block, constraint block
» — pkg — package, model, model library, profile, view
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SysML diagram header

» SysML Diagram Header ‘modelElementName’
o — Indicates the Name of the represented model element
o — A diagram targets a single model element

» SysML Diagram Header [diagramName]
o — Indicates the Name of the diagram
o — Used to provide a description of the diagram purpose
o — There may be many diagrams for one model element

o — Modelers may want to only highlight selected features in a diagram for a
specific purpose, and may hide irrelevant features

bdd [Package] Optical Analysis [Optical Equipmentu
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SysML diagram header

< <diagram usage>> is a stereotype that can be used in the SysML
diagram header.

» — Indicates a specialized use of a diagram

» — For example, <<Context Diagram>> may be a specific use of a Use
Case Diagram, Block Definition Diagram, or an Internal Block Diagram

«diagram usage» "
diagram kind [model element type] model element name [diagram name]
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SysML

» Diagram Description is an optional note attached either to the inside
or outside of the diagram frame

» Enables modelers to capture additional information about the diagram

» Pre-defined fields for the Diagram Description. It includes:
o — Version
o — Completion status

o — Description ~ Diagram description

Version
o — Reference Dsscrbdcs
Complation status
Reference
Header User dafined fields

-

1 odiagram usage»
diagram kind [model element type | model element name [diagram name| V4

Content
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SysML diagram content

» Contains graphical elements that represent underlying elements in the
model
» Two basic types of elements: Nodes and Paths

o — Node: symbol that can contain text and/or other symbols to represent the
internal details of the represented model element

o — Path: line associated with Nodes that may have additional aspects such as
arrows and text strings

pkg [modelLibrary] Standard Definitions
- 4 Boxology !
| Node |
L mogsLbrays |, Path | cmodellbrary
Definitions r “import: Bl Types Amport: Definitions
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SysML diagram content
» Stereotypes are used to qualify elements

» <<keyword>> Identifies the type of model element
» Examples: <<block>>,<<modellibrary> >

pkyg [modellibrary] Cnmpanents)

«blocks ‘ C sblocion 3 «blocks: wblocks
Brushless DC Motor Steppﬁr‘nﬂntnr Focal Plane Array | |Pan Gimbal
ublocks «blocks ablock: ublock:
SDRAM Digital Signal Processor | | Tilt Gimbal Video Controller
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SysML diagram overview: Getting familiar with them

SysML
Diagram

£

Behavior Requirement Structure
Diagram Diagram Diagram
(? i}
Activity | | Sequence S Use Case Sttt intemal | | oarametric | | Package
Diagram Diagram Machine Diagram Definition Block Diagram Diagram
Diagram Diagram Diagram
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SysML requirements diagram

» Represents text-based requirements and their relationships with other
requirements, design elements, and test cases to support requirements

traceability

req [Package] Customer Specihication [contanment example E]fJ

"rEqIJII'EITIEI'It"'
Operating Envirenment

i = *§1°

condibons.”

text = "The system shall be capable of
detecting intruders 24 hours per day,
7 days per week, uncler all weathar

Ve

<

w ragUirarments
All Weather Operation

« Feguirarments
2477 Operation

d = "31.1"

text = "The system shall be capakble of
detecting intreders undar all waather
conditions.”

varifiedBy
sinteraction= Waler Spray Test

id = "$1.2

text — "The system shall be capable of
detacting intruders 24 hours per day,

7 days per week,"
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SysML activity diagram
» Represents behavior in terms of the ordering of actions based on the

availability of inputs, outputs, and control, and how the actions
transform the inputs to outputs

act Generate WVideo Quipuls [Routing Fluws]’_J

IPF -'-\.hl . “ - -H“l » 1
| at:Produce Test Signal | video in _{ 23 Encode MPEG ]:l MPEG output : MPEG4
\, 'ha' S MPEGoul | {stream]
E tost signal
input signal : 'I.rh:iml }\} a2:Process Frame |- N
{stream) I raw - - i =
] ] _Aardoegsad
frames i,

' ad:Convert to Eumpuﬁlt;i—. ){ composita oul | Composite

video in \ F {stream]
Compoata

ot

LeSoft ® 2018 Systems Engineering for Automated Vehicles Page 120 '



- Mmm Day 1 — Model based systems engineering and SysML

SysML state machine diagram

» Represents behavior of an entity in terms of its transitions between
states triggered by events

stm Surveillance Sysiem /J
@ ®
Turn O . .
e 5. — [t == "Yag") Confirmation
’ Shui Down Cameras Respanse {r)
e i le |€ [ shutting down ]
||':'w. A%
flar (G0 s)
Start . < Shutdown
cahiat Display Timed Out” Status Ir=="No"l . fin (oipged on}
: Conhrm
o Shuidown
initializing - linit K] Reques!
w
Systam operating
KO
entry/Display "Operating’ Status
i doiSonitor Sia
[net init QK] N exil/Display "Shuldown® Status
fr—— Systam OK {
_I. diagnosing I - #
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SysML sequence diagram

» Represents behavior in terms of a sequence of messages exchanged

between parts

sd Successiul Camera Test |

-

test cameras|}

| : Manitoring Station

T

!_t-'m:l

[5..10]

Tesf in Progress(1)

Tast Complatel1, true)

Test in Progress(2)

Tast Comphate{2. rue)

Syslermn QK

——

P

(O = true]

W
perfarm saif test))

d = duration

perdomm Sell fesil) |

UM are sl comjpiels I

(DK = true) |

I |
[+ B

|
|
I
|
I
TR i

| [:'Ij:l‘.‘:fma |

—_
——

1+1.t+28

| [£2] : Camera |
| .

I
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SysML use-case diagram

» Represents functionality in terms of how a system or other entity is
used by external entities (i.e., actors) to accomplish a set of goals

uc Uss Casas [Opamta Yehick| ___l

H'\-
Ve le Cegupan H*—-u
A& N
ll,.—\._ll I:'\.l Pl !
%

Passanger
| i

2

L rsasr

Vehbole

-'__'_,_ _\_-\-.

4 Entar Vahida |
A

.'-‘.'\-
e

'x

F
{  [Ex Vehick \__l
.F"-l-

-

Coriral -|:I'| =
.¢||:|::5..:|rp' ,]
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SysML package diagram

» Represents the organization of a model in terms of packages that

contain model elements
» Note the use for model structuring, not system structuring

pkg [Package] Products [Nested Packages] /J
Surveillance Systems | |
Cameras Requirements
— aq
=]
Use Cases
— PR - i} P
Physical Legical Behavior Parametrics Structure
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SysML block definition diagram (bdd)

» Represents system elements called blocks, and their composition,
classification and navigation

bdd [Package] Structure )
Camera
W T |
. mel i
i | I
Protective Housing Mount Assembly Electronics Assembly Camera Meodule
valves paris
clock speed ;| MHz s Camera Housing
mamary ; MB . Imaging Assembly
: Optical Assembly
I azimuth motor | | elevation motor l/elevatinn gimbal A azimuth gimbal
Stepper Motor
Platform Module Tilt Gimbal Pan Gimbal
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SysML internal block diagram (ibd)
» Represents interconnection and interfaces between the parts of a block
» Also shows external ports of the block

ibd [Block] Camera [Nested FI-::u.ﬂ/_J
: Camera Modula : Electronics Assembily
camara L0
Bghtin - Light | : Light [ ) i MPEG4 |Camera Interface
— =1 _—"r_| : Optical Assembly : MPEG Convertar || = 2]
- Light L i & o ] 1 ' MPEG4
: Light - Vidaa
s Light : Videa
= 1] | Image II'
: Imaging Assembly || || =] \—»| :Image Processor
| | Image I : Image % Image
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SysML parametric diagram (par)

» Represents constraints on property values, such as £ = m*g, used to

support engineering analysis

par [biock]Analysis Contest [VWehicle Acoaleration ﬁ.nal}rslsfu

EI.pE.r-iI'IG"FE| g vowi

'-.IIII .-"Il
\ f
[ [ltheta] |w

‘Grawvitational Force
b’
| | |'EI

[ Tk
. T
PD;E[-:EHI” Total T_m,:ﬂ ,u..;.;ﬂgrumn =] II'I-.EQTMI'—'T
i ft Al _[¥°

[Tta
| :Drag Force |
o 1 cd v

|
‘ a.v.b.drag |

.. Gpeed
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- MAGIVE\’ Day 1 — Model based systems engineering and SysML

SysML: cross-cutting aspects
» Allocations:
o — Represent general relationships that map one model element to another
» Requirements
o — Text-based specification and relationships
» Dependencies
o — Represents a relationship between client and supplier elements

SysML Diagram
| [ |
Behavior Requiremeant Seructure
Diagram Diagram Diiagram

P - 3

Activity Sequence State Machine Use Case Block Definition Internal Block -
‘ Diagram \ Diagram Diiagram Diagram | Diagram | Diagram Package Diagram

T

|:| same as UML 2 Parametric
Diagram
] odified from UML 2 L

l___! MNew diagram type
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- MAGIVF( Day 1 — Model based systems engineering and SysML

SysML: Cross-connecting model elements

; i Structure
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Jpecid cabion Jpecifc sbon
LY
afRLIFST el \ 1 IR iR e
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l--=l-'|' = pmbigle shs Fxiog = "Trabong s baymies
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A1 Fi at: DedectLoss OF oojFow 57 Moduats
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muiloes
iyl abrom [ & lloe abed= o

2. Behavior

a0t Prevantockup {Swirnlans Br:t:m':'-y

- &7 Brafesld pd ginia

e e Lt~

s e S
alarat=dTr

pan [Biock] Straift Lire Vehick Dyranics [ Velue Bndngs 1)
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{1=(tF 11701 £0] B mizann I=TE|
[ ]
SO | =T
o4 : Distance Equstion [ [
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W migac W e SR L
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3. Requirements

4. Parametrics
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Structural diagrams

SysML Diagram
| Loos |
r---- L _L | -
Behavior i Requirement Structure
Diiagrarm : Diagrarm Diiagram
T -

‘ Actity \ Sequence State Machine Use Case | Block Definition \ ‘ Internal Block \ .
Diagram Diagram Diagram Diagram Diagram Diasgram Fackage Diagram

r ........
[ ] sameasumL2 } Parametri }
[ ]
L] Modified from UML 2 .

ll ll New diagram type
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- MAGIW;( Day 1 — Model based systems engineering and SysML

SysML: Blocks
» Are the cornerstone of SysML models
» They define what exists, as reality or idea - ontology

» Provides a unifying concept to describe the structure of an element or
subsystem

o - System, Hardware, Software, Data, Procedure, Facility, Person
» Unification of classes and assemblies from UML
» Enable hierarchy by nesting
» Specification of value types with units, dimensions, and probabilities
» Blocks are used to Specify Entities, Hierarchies and Interconnection

«block»
BrakeModulator

LeSoft ® 2018 Systems Engineering for Automated Vehicles Page 131 '



- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Blocks are basic structural elements
» Multiple standard compartments can
describe the block characteristics
o — Properties (parts, references, values, ports)
o — Operations
o — Constraints
O

— Allocations from/to other model elements
(e.g. activities)

o — Requirements the block satisfies
o — User defined compartments

iblock»
BrakeModulator

= allocatedFrom
- | «activity»Modulate
Compartment -~ BrakingForce

Label

values
DutyCycle Percentage
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Power sub-system bdd

badd [piock] HSUY [PowerSubsystem Epreztlluwn}J

Block eblocks
abiocks WheslHub &sasmbi
Powsrsubsyatam y

? rw| rw

'l
bocks
«blocks block sblocks sblocks .

SrakaPedal BatteryPack PowsrControlUnit ElectricalPowercControliar Frontiwhael

v § U I L

ablocks ablocks eblocks Ele R eblocks
acoalarabor Fuﬂ-l'l'al'i:.ﬁ.BB-Hrrlhlgr InlB-lrlHIEDml]l.lB:tI-nnEl‘lgln& Ganerator I]I‘I'I'Elﬂ-ntlal
! I 4 ¥
whlocks
eblocks Tranamiason
FiatPamp Fushinjsctor

Block Definition Diagram Used to Specify System
Hierarchy and Classification
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- MAGIVF\' Day 1 — Model based systems engineering and SysML

SysML: Power sub-system ibd

Ibd [biock] FowsrSubsyshem [Ademative 1 - Combined Motor E-e-r:mug) P
: art
. ) =nC Elecirica Power erngSectichioior
Enclosing | s Cartrtee + - > + eneraier
— Cirt Z:El=cinc H:El=ctric
Block B S
LTR3MCmd o LT arChass sSuasyiem
C}% i Frantynes 1
trem: T ransmizskan 2 1
L TREMData é’ EF
torqueineTangus h |
right<attShat
= |
gl ] A
I Lr}_\ Sormus Ol Tonue f
o |_TREMCmd + dFCiff=rerrtial
T IceintemaiCombusionEngine
I_IcECmas| | ICEDats |_ICEDma rﬂ
ci o 4
| ?] fl:Fusiinjacior
op: Brais Subsyshem I_ICECmds L
[.amm Connector | L
""""""""" : v ChassisSubsybem
Por: CEFLsFRiing 3 L T
s Tk ATy Frontihes: 1
FortFueTankFiting vy
To-FusiFump io = -
Sy Fussd TR e s

Internal Block Diagram Used to Specify Interconnection
Among Parts in Context of Enclosing Block

Systems Engineering for Automated Vehicles

LeSoft © 2018 Page 134



- MAGIVF( Day 1 — Model based systems engineering and SysML

SysML: Property types

Property is a structural feature of a block

» — Part property aka. part (typed by a block)
o * Usage of a block in the context of the enclosing (composite) block
o e« Example - right-front:wheel

» — Reference property (typed by a block)
o * A part that is not owned by the enclosing block (not composition)
o * Example — aggregation of components into logical subsystem

» — Value property (typed by value type)
o * A quantifiable property with units, dimensions, and probability
o distribution
o « Example
o — Non-distributed value: tirePressure:psi=30
o — Distributed value: «uniform» {min=28 max=32} tirePressure:psi

LeSoft ® 2018 Systems Engineering for Automated Vehicles Page 135 '



- MAGIVE\’ Day 1 — Model based systems engineering and SysML

SysML: Block definition vs. usage

Block Definition Diagram Internal Block Diagram

hdd [Fackagz] =tructure] 2B Stracture Higrarchy lJ

R«,\-:H

o/ ¢ 7

ibd [Block] Antilock Controller [ Bazic ])

Z=lhlock== ==hlocke= Z=hlock==

Librany:: Anti-Lock Library:: d1 : Traction
Electronic Controller Electro- Detector
Processol Hydraulic Valve

cZ.

==hlock== ==hlock=:= im1 : Brake
Traction Brake Modulator
Detector NModulator

Definition Usage

— Block is a definition/type
— Captures properties, etc.
— Reused in multiple contexts

— Part is the usage of a block
in the context of a block

- AI51::| known as a role
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- Mmm Day 1 — Model based systems engineering and SysML

SysML: Internal block diagram (ibd)

ibd [Block] Anti-Lock Controller [ kem Flow ],l
Enclosing -
Block
c2: *'_ d1 : Traction
: Detector
Connector -
_~Y activate : Svdc
m1 : Brake
item Flow _—Ij Modulator
Port Part

Internal Block Diagram Specifies Interconnection of Parts
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Reference property

bed [Package] Structure| Cwverall Structure LJ

b

£

==hlocke=
Braking

==hlack:=

==hlock==
Rotor

ol

==hlocks=

Traction
Detector

=zhlocks==

Anti-Loek
Controller

ml

==hlocks==

Brake
Modulator

:ﬁhlu:-::-:
Hub Assy

cehlocks=

Chazsis

+S1 is a reference part”
Shown in dashed outline box

ibd [Block] Anti-Lock Controller [ Exlended ])

==hlock==
Tire

=<hlock==
Sensor

51 :Sensor [4] |
cl: E—] |

W oot Pulss

. d1: Traction
Detector
S

W activate ; Swdc

m1 : Brake
Modulator

“Actual name is reference property
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- MAGIV\ﬁ:\’ Day 1 — Model based systems engineering and SysML

SysML: Ports

» Specifies interaction points on blocks and parts
o — Integrates behavior with structure

©)

— portName:TypeName

» Kinds of ports

©)

©)

O O O O O

— Standard (UML) Port

« Specifies a set of required or provided operations and/or signals

« Typed by a UML interface
— Flow Port

« Specifies what can flow in or out of block/part

« Typed by a block, value type, o

r flow specification

« Atomic, non-atomic, and conjugate variations

|_EF::ETJiPS|E=c:m
|_TRSMData

B P rConbrofLire

—

- “n%
lce *
|_TRSMCmd

—
I_I-:E-:mﬁ‘ |_ICEDala
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Port Notation

provided Interface
(provides the operations)
Standard ;
Port part1: bt A part2:

required Interface
(calls the operations)

Flow Port
Flow partl: B—»—H part2:
Port
Item flow
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Delegation through ports

» Delegation can be used to preserve
encapsulation of block (black box vs
white box)

» Interactions at outer ports of Block1 are
delegated to ports of child parts

» Ports must match (same kind, type, E Child1:
direction, etc.)

» Connectors can cross boundary without
requiring ports at each level of nested Hﬁ

ibd [block]Block1[delegation],

-y
&

Child2:

=)

hierarchy g
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- MAGIVF\' Day 1 — Model based systems engineering and SysML

SysML: Routing Flows (activity diagrams)

o >

o

—->®)

—=
=

—>

%Q}
S

InFtiaI Node — On execufion of parent control token placed
on outgoing control flows

Activity Final Node — Receipt of a control token terminates parent

Flow Final Node — Sink for control tokens

Fork Node — Duplicates input (control or object) tokens
from its input flow onto all outgoing flows

Join Node — Waits for an input (control or object) token on all
input flows and then places them all on the outgoing flow

Decision Node — Waits for an input (control or object) token on its
input flow and places it on one outgoing flow based on guards

Merge Node — Waits for an input {control or object) token on
any input flows and then places it on the outgoing flow

Guard expressions can be applied on all flows
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Action process flows of control

and data |
» Two types of flows Control Input
o — Object / Data ‘hr‘

o — Control ﬂ{gﬁt&ﬂjﬂﬂlrb action | ﬂ:g&tmﬁulbh

» Unit of flow is called a “"token” g 1 "

(consumed & produced by actions) Rl | R

) . . g2 |:I outpLt2

» Actions Execution Begins When Tokens : )
Are Available on “all” Control Inputs
and Required Inputs TR V
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- MAGW’( Day 1 — Model based systems engineering and SysML

SysML: An Action can invoke another activity

I
]

Control Input E
1

%
- -|'-|h:r'n|- ] welbii .ltlh* * --rl.'hr'-nll 5.
l"l'lnq'! ,—I tu.&nli

—_— =

ol ST Bl

I: et action1 =<0pt0Nals»
STy v | y O " aupens
mpoz | R owpe

Activity is Invoked When an Action Begins to Execute
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- MAGIVF\' Day 1 — Model based systems engineering and SysML

SysML: Common Actions

act Activity,/
*-1=I:|l:|H|:I-F-=h = [ _FmtrET_:H aesient D—'J' iw
quﬂ .....Lliln"-:;l.a acting : Activily h E.:::::.I:;T.-.
! A L2 T‘ |_: autpid?
Call Operation Action Call Behavior Action
(can call leaf level function)
tary=t
T AveepEe }::{ = e 9"3'“‘5":'“1 Send X %
H,-*' [ : z 2
Accept Event Action Send Signal Action
(Event Data Pin often elided) (Pins often elided)
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- MAGIVF( Day 1 — Model based systems engineering and SysML

SysML: Activity diagram example with streaming inputs and outputs

O B
'L_\ cutd
N y
sopbonats
[ie=1]
= Ini ’ [eine] 1
=<optonab | [-:Ir-um]- - 3 b - . Al
i) Y [ ckenty | e
[=tream: | sopfionals | coptonals | [ aut [
- | o |;| Eh et {stream} | SR
{etream) De— opSanals
) TR ini o
:h:lu.n — e
.'I.;-Idﬂ i [Elza] § d Aotivity 3 D :5.' |
g i
®

Streaming Inputs and QOutputs Continue to Be
Consumed and Produced While the Action is Executing
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- MAGIVF( Day 1 — Model based systems engineering and SysML

SysML: Example — Operate car

act Operate Car

0 S 55} 2>®

Enabling and Disabling Actions
With Control Operators
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- MAGIVE\’ Day 1 — Model based systems engineering and SysML

SysML: Activity diagrams — pin vs. object node notation

» Pins are kinds of Object Nodes
o — Used to specify inputs and outputs of actions
o — Typed by a block or value type
o — Object flows connect object nodes
» Object flows between pins have two diagrammatic forms
o — Pins shown with object flow between them
o — Pins elided and object node shown with flow arrows in and out

aot [Actvily] PrewentLockup | Actors | asot [Acfivity] Pres=ntLockup | Actons |

g g Pins must
'. have same
o mmim characteristics
' : ‘name. type
ai:nﬂmtlhl:n;:nr -..|:|1:Tmu':l:|1_nu:= i a.'!::::ldLlllB l: = ? Fp
[ motien [t ] ] etc.)
.

ObjectNode
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- MAGIVE\’ Day 1 — Model based systems engineering and SysML

SysML: Explicit allocation of behavior to structure using swimlanes

Activity Diagram
(without Swimlanes)

Activity Diagram
(with Swimlanes)

—_—h,

—

acd [Activity] Preventlockup | Actons J
1
g i B
W ; g
(" &1 ; Datect Loss of m""ﬂﬂmm a2 : Modulabe Y
Traction Exakimg Foroa
i | p2 : Traotl oz | g
i _l
i i
‘—
®
Bct [MciivEy] PrevertLockup [ Swimianes |
-=-:a|h]I:E':Eb-:- T
1 : Tracton Deteclor el - (Erais Wodulator
e

S e e I e e T s 1 E A

Eraiing Foroe

L
a2 - Modulais ]

) ’
al:Dobtlossor 7 - ROLOEE
Traoticn ol
. * P2 = Traot) ocs
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

SysML: Activity definition and use

bdd [Package] Behavior][ Behaviar De-:ﬂmp],l

al
<<activity=>
Detect

Loss of
Traction

N

<< activity=>

Prevent
Loc kup

al

act [Acitity] Pravent Lockup

[ Actions ] ]

<<achvity>>
Modulate

Braking
Force

wohlock=>
TractLoss

%,

el - TractLoss
" a1 : Detect Loss of pi-Tr o
Tractica i
p2 : Tractloss

Definition

Use
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- MAGIVF\’ Day 1 — Model based systems engineering and SysML

Developing SysML models: Structure, Behavior, Requirements, and
Parameters.

» This will be performed through the exercises and workshop for each day.
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