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Abstract

Thist ut or i al i s a (half day) pBased3$ystdms on e
Engineering (PBSE), including a specific system domain illustration. (For those
seeking a shorter awareness briefing on PBSE, a single-session overview is also
provided during the conference technical sessions.)

INCOSE thought leaders have discussed the need to address 10:1 more complex
systems with 10:1 reduction in effort, using people from a 10:1 larger community

t han the Asystems experto group | NCOSE
Working Group describes PBSE to enable INCOSE membership, and the larger
systems community beyond INCOSE, to achieve such order-of-magnitude
Improvements.

PBSE leverages the power of Model-Based Systems Engineering (MBSE) to rapidly
del i ver benefits to a | arger community
jumpstarto from an existing Pattern, g.
improve that pattern with what they learn, for future users.

The major aspects of PBSE have been defined and practiced some years across a
number of enterprises and domains, but with limited INCOSE community
awareness. Addressing this, the INCOSE PBSE Challenge Team was started in
2013 as a part of the INCOSE/OMG MBSE Initiative, and it later became the
INCOSE Patterns Working Group.

This tutorial is for SE practitioners.
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PBSE Addresses Speed, Leverage, Knowledge
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Pattern-Based Systems Engineering (PBSE)

A What are System Patterns?

A What are System Patterns for?
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Pattern-Based Systems Engineering (PBSE)

A Standard Parts have been a great aid to progress:

A The same part type can be used to make many things!
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Quick Exercise: Can you recognize this system?
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Using different views helps improve recognition:
Does rotating the parts improve recognition?




Showing parts in relationship helps recognition

a1
i




Can we identify a system from its parts alone?

Obviously not in many casesd and in all cases, the
parts list alone lacks critical information . . .
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Any systems engineer will tell you . . .

A We need to know the relationships between the parts to
under stand what the Asystemo

Physical Architecture
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But. ..

we are interested in much more than Physical Architecture:

A Stakeholders A Alternatives

A Requirements A Configurability
A Design A Manufacturability
A Interfaces A Maintainability
A Modes A Operability

A Performance A Reliability

A Failure Modes & Effects A Risks

A Verification Plans A etc., etc., etc.
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And,

we Can

To To To To Do Do Do I»
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Alternatives
Configurability
Manufacturability
Maintainability
Operability
Reliability

Risks

etc., etc., etc.
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And, once again, it turns out that . . .

the relationships between these information components is
just as important as the lists of them, taken alone:

A Stakeholders A Alternatives
rTTo > A Requirements €-—---- > A Configurability
! A Design A Manufacturability
! A Interfaces < ----1 A Maintainability
'----3A Modes A Operability

A Performance A Reliability

A Failure Modes & Effects A Risks

A Verification Plans A etc., etc., etc.

Physical Architecture Information Architecture

?7?
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And, once again, it turns out that . . .

the relationships between these information components is
just as important as the lists of them, taken alone:

A Stakeholders A Alternatives
rTTo > A Requirements €-—---- > A Configurability
! A Design A Manufacturability
! A Interfaces < ----1 A Maintainability
'----3A Modes A Operability

A Performance A Reliability

A Failure Modes & Effects A Risks

A Verification Plans A etc., etc., etc.

Physical Architecture Infor

H "W Requirement
2 Statement
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Taking advantage of Model-Based Systems Engineering (MBSE)

I An_S* Model is a description of all those important things, and the relationships
between them.

i Typically expressed in the Aviewso of

I The S* Metamodel: The smallest set of information sufficient to describe a system
for systems engineering purposes.

I Includes not only the physical Platform information, but all the extended system

information (e.g., requirements, risk analysis, design trade-offs & alternatives,
decision processes, etc.):
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Extending the Concept to Patterns, and
Pattern-Based Systems Engineering (PBSE)

I An S* Pattern _is a configurable, re-usable S* Model. It is an extension of the idea

of a Platform (which is a configurable, re-usable design) or Enterprise / Industry
Framework.

I The Pattern includes not only the physical Platform information, but all the
extended system information (e.g., pattern configuration rules, requirements, risk
analysis, design trade-offs & alternatives, decision processes, etc.):

Pattern Hierarchy for
Pattern-Based Systems
Engineering (PBSE)

Metamodel for

/" Model-Based Systems
! Engineering (MBSE)

aaaaaaaa

Individual Product
or System Configurations

General Vehicle Pattern Gonera\, P o
System Y ' * [ ~Technical |
Pattern : ! Dotai Lavel Req 1t
F-- P !. —— yRenuirements Wi | Statement {{ﬁ
¢ [RI=RE : — E _____ T stibuie
. : - Vil = H
Vehicle Product Lines ProductLinesor [\ { | = o e P
o i = o I~ Design | | TR A
System Families H LR 1 | ] \
v 3 High Level 1 Constraint —— | B Mati
""""""" g e |_ Statement | | oupling
LTI, e et AANS B B T
| = A

Specific Vehicle Configurations
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Concept Summary:
Pattern-Based Systems Engineering (PBSE)

I By including the appropriate S* Metamodel concepts, these can readily be managed in
(SysML or other) preferred modeling languages and MBSE toolsd the ideas involved here
are not specific to a modeling language or specific tool.

I The order-of-magnitude changes have been realized because projects that use PBSE rapidly
start from an existing Pattern, gaining the advantages of its content, and feed the pattern
with what they learn, for future users.

i The figame changer o heretomsdehe & bthefmoatrl mmn §
many people to rapidly configure, specialize, and apply patterns to deliver value in their

model-based projects. B Y T e -
Pattern Hierarchy for ammmmmememomes 4 s Requirement = | Stakeholder i :
Pattern-Based Systems : Yy G|
Engineering (PBSE) - : A
; Metamodel for ER e i
/ Model-Based Systems eauiraments !
Engineering (MBSE) : orface [ Systom of i :
\‘E | Access | E
. : e
General Vehicle Pattern Benera\ | i
System

Pattern 1 Dot
“““““““““““ N Ve |_ Statement | _
FE—— A b )
; : _ sl i '
Vehicle Product Lines ProductLinesor [N\ § | = S R pryscayen .
System Families e Sl _ | esign — e A '
| vl th Level ] Constraint — I ! : BBBBBBBB !
"""""" H S| I | | Cougiings 1
NN — YLV g s S o ;
o (- H Mtmessdesssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssasamnnnnm. ’
ifi i H ; Individual Product il soe .
Specific Vehicle Configurations or System Conflgurations i L=
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page 19



Concept Summary:
Pattern-Based Systems Engineering (PBSE)

A PBSE provides a specific technical method for implementing:
i Platform Management and Product Line Engineering (PLE)
i Enterprise or Industry Frameworks

I System Standards
Experience Accumulation for Systems of Innovation

Lean Product Development & IP Asset Re-use

Pattern-Based Systems PP;tternBHier:r;hvtfor .
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Comparative Benefits and Costs Summary

COMPARATIVE RO A {5 Nahea 2rEE
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Status of PBSE

I The major aspects of PBSE have been defined and practiced for years across a number of
enterprises and domains, but with limited integration or awareness within INCOSE community:

Medical Device Patterns Construction Equipment Patterns Commercial Vehicle Space Tourism Pattern
Patterns

Manufacturing Process Vision System Patterns Packaging System Patterns Lawnmower Pattern
Patterns

Embedded Intelligence Systems of Innovation (SOI) Baby Product Pattern Orbital Satellite Pattern
Patterns Pattern

Development Process Production Material Handling Engine Controls Patterns Military Radio Systems
Patterns Patterns Pattern

I What makes these APBSEO applications?

A Each is based on an MBSE model of requirements, and often designs, failure modes,
other aspects;

A Each is a generalized model (pattern) that is configurable to different specific applications,
market segments, customers, or situations;

A Each is based on the underlying S*Metamodel.

I The PBSE Tutorial is more about integration of proven methods and INCOSE community
awareness and capability than about technically establishing a new methodd although it may
look new to INCOSE practitioners.

I We recognize that the human change aspect can be the most challenging i but are not

suggesting that we also have to create new technical methods. We are introducing PBSE to a
larger community.




Representing system patterns: An example

S*Metamodel framework
A A Vehicle Pattern in SysML
A An Exercise
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Representing System Patterns:
The S* Metamodel Framework

A What is the smallest amount of information we need to
represent pattern regularities?
I Some people have used prose to describe system regularities.
I This is better than nothing, but usually not enough to deal with the
spectrum of issues in complex systems.
A We use S* Models, which are the minimum model-based
Information necessary:

i This is not a matter of modeling languaged your current favorite
language and tools can readily be used for S* Models.

T The minimum underlying information classes are summarized in the
S* Metamodel, for use in any modeling language.
A The resulting system model is made configurable and
reusable, thereby becoming an S* Pattern.
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Representing System Patterns:
The S* Metamodel Framework

A A metamodel is a model of other models:

I Sets forth how we will represent Requirements, Designs, Verification,
Failure Analysis, Trade-offs, etc.;

I We utilize the (language independent) S* Metamodel from
SystematicaE Met hodol ogy:

Simple summary of detailed S* Metamodel.

A The resulting system models may ¢ -2 s
be expressed ing:}/éM """ T8 ot/ her
languages, DB tables, etc. .

A Has been applied to systems
engineering in aerospace, ’ ; el
transportation, medical, advanced x| &rmimen —
manufacturing, communication, t —_—
construction, other domains. - I

..................................................................................



Definitions of some S* Metamodel Classes

System: A collection of interacting components. Example: Vehicle; Vehicle Domain
System.

Stakeholder: A person or other entity with something at stake in the life cycle of a
system. Example: Vehicle Operator; Vehicle Owner; Pedestrian

Feature: A behavior of a system that carries stakeholder value. Example: Automatic
Braking System Feature; Passenger Comfort Feature Group

Functional Interaction (Interaction): An exchange of energy, force, mass, or
information by two entities, in which one changes the state of the other. Example:
Refuel Vehicle; Travel Over Terrain

A Functional Role (Role): The behavior performed by one of the interacting entities
during an Interaction. Example: Vehicle Operator; Vehicle Passenger Environment
Subsystem

A Input-Output: That which is exchanged during an interaction (generally associated

o o Do Do

with energy, force, mass, or information). Example: Fuel, Propulsion Force, Exhaust
Gas

General
Vehicle p—
T ey,
NATIORES Ambulance




Definitions of some S* Metamodel Classes

System of Access: A system which provides the means for physical interaction
between two interacting entities. Examples: Fueling Nozzle-Receptacle; Grease Gun
Fitting; Steering Wheel; Dashboard; Brake Peddle

Interface: The association of a System (whioch
Interactions (which describe behavior at the interface), the Input-Outputs (which pass
through the interface), and a System of Access (which provides the means of the
interaction). Examples: Operator Interface; GPS Interface

State:A mode, sitwuation, or condition that
moment or period of time. Example: Starting; Cruising; Performing Maneuvers

Design Component: A physical entity that has identity, whose behavior is described
by Functional Role(s) allocated to it. Examples: Garmin Model 332 GPS Receiver;
Michelin Model 155 Tire

Regquirement Statement: A (usually prose) description of the behavior expected of (at

o
0

d €

| east part of) a Functional Rol e. Exampl e:

10 gall ons per minute without overfl ow
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Physical Interactions: At the heart of S* models

A S* models represent Interactions as explicit objects:

I Goes to the heart of 300 years of natural science of systems as a
foundation for engineering, including emergence.

i All physical laws of science are about interactions in some Way.

4 RS

Interaction: Aspirate ) \

sLogical Systemn
Local Atmosphere

[

V High Level
* Ragulgeme
- mmm
P — :
'
'

Exhaust

Gas Intake
air ™ «lLogical Systems
Vehicle

A Other Metamodel parts: See the Vehicle Pattern example.
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Physical Interactions: At the heart of S* models

A S* models represent Physical Interactions as explicit objects:

Vehicle Pattern Interactions

pkg Interactions J
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] ' \ = - -
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: 'nteracﬂon : Ide In Vemcle I \. H‘irghq[ Control aintain sysiem Appliralion
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. - : System of H H Interact with I D::?\::?Sga?;e \\\ Account for
E Interface -—; Access : E Nearby Vehicle I i \\\ System
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' World ] Approach & I Transport V?S\icle View Vehicle “Secure Vehicle
¢ Language: H Departure - ™
B J : I Y .
] . .
: BB H 2 \ o
: Technical ' 7 AN
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Pattern-based systems engineering (PBSE)

A Model-based Patterns:

I Inthis approach, Patterns are reusable, configurable S* models of
families (product lines, sets, ensembles) of systems.

I A Pattern is not just the physical product familyd it includes its behavior,
decomposition structure, failure modes, and other aspects of its model.

A These Patterns are ready to be configured to serve as Models
of individual systems in projects.

A Configured here is specifically limited to mean that:
I Pattern model components are populated / de-populated, and
I Pattern model attribute (parameter) values are set
I both based on Configuration Rules that are part of the Pattern.

A Patternsbasedon t he same Met amodel
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Pattern-based systems engineering (PBSE)

A Pattern-Based Systems Engineering (PBSE) has two overall processes:

I Pattern Management Process: Creates the general pattern, and
periodically updates it based on application project discovery and learning;

I Pattern Configuration Process: Configures the pattern into a specific
model configuration (e.g., a new product) for application in a project.

...............................................................................

Pattern-Based Systems Pattern Hierarchy for ~ _.eeeceeeoees 1 Sf’&,g'mg | Requirement |
H 1 - ' T Ty
Engineering (PBSE) Pattern Based Systems . : v { st
Processes ¥ ' 4 :
. Metamodel for : i ot '
Pattern Management ;/ Model-Based Systems ~ jferees :
! Engineering (MBSE) : System of |
Process ; : Infortace }— Access | ;
518 E \ :
= 8 @ % -.‘\‘ s ] Technical
Q‘.“ =z a ‘.,_ ----- 3 E La‘:g)l;:’ga
; “\ 5 * " Techn |ca1
1 i K / ! Detail Level L_
Pattern Configuration fe---- ‘ s WB._R_gf_t_rr;r:?_t_'_
Process S e : * e T
Product Lines or H l — - ’ 4 -~ Design- 1
[ System Families 2 = ' esign
. U ? High Leve -
(PrOjeCtS, Mode;es na g s e St 8 g:)r:stram: — o
i H 2 frO'Tl ppec’éli ------------ ' $ * -1 EE‘E,QMMB S TR— ¢ :
Applications) S | | | | | | | | | | | | | JCE— R —— e o
Individual Product ' i‘. " :_:~‘=' :
or System Configurations = '

, ~
Pattern Clats H|erarchy \

Wedbll discuss examples fr om pbage33lh




o Do I I»

Pattern configurations

A table of configurations illustrates how patterns facilitate compression,;

Each column in the table is a compressed system representation with respect to
t he

The compression is typically very large;
The compression ratio tells us how much of the pattern is variable and how

(Amodul o00)

much fixed, across the family of potential configurations.

pattern

Lawnmower Product Line: Configurations Table

- Log10 [Pattern Configuration Size / Model Size]

I I | I System Type]

Manufacturing

Medical Manufacturing Over-the-

Units Walk-Behind Walk-Behind Walk-Behind Riding Riding Riding Mower Autonomous
Push Mower Mower Self-Propelled Rider Tractor Tractor Autonomous
Push Mower Self-Propelled Wide Cut Rider Lawn Garden Auto Mower
Model Number M3 M5 M11 M17 M19 M23 M100
Market Segment Sm Resident Med Resident Med Resident | Lg Resident| Lg Resident | Home Garden | High End Suburban
Power Engine Manufacturer B&S B&S Tecumseh Tecumseh Kohler Kohler Elektroset
Horsepower HP 5 6.5 13 16 18.5 22 0.5
Production  [Cutting Width Inches 17 19 36 36 42 48 16
Maximum Mowing Speed MPH 3 3 4 8 10 12 2.5
Maximum Mowing Productivity | Acres/Hr 1.6
Turning Radius Inches 0 0 0 0 126 165 0
Fuel Tank Capacity Hours 1.5 1.7 2.5 2.8 3.2 3.5 2
Towing Feature X X
Electric Starter Feature X X X X
Basic Mowing Feature Group X X X X X X X
Mower No. of Anti-Scalping Rollers 0 0 1 2 4 6 0
Cutting Height Minimum Inches 1 1.5 1.5 1.5 1 1.5 1.2
Cutting Height Maximum Inches 4 5 5 6 8 10 3.8
Operator Riding Feature X X X
Grass Bagging Feature Optional Optional Optional Optional Optional Optional
Mulching Feature Standard Factory | d | Dealer Installed
Aerator Feature Optional Optional Optional
Autonomous Mowing Feature X
Dethatching Feature Optional Optional Optional
Physical Wheel Base Inches 18 20 22 40 48 52 16
Overall Length Inches 18 20 23 58 56 68 28.3
Overall Height Inches 40 42 42 30 32 36 10.3
Width Inches 18 20 22 40 48 52 23.6
Weight Pounds 120 160 300 680 705 1020 15.6
Self-Propelled Mowing Feature X X X X X X
| Automatic TransmFeature X
Financials Retail Price Dollars 360 460 1800 3300 6100 9990 1799
Manufacturer Cost Dollars 120 140 550 950 1800 3500 310
Maintenance [Warranty Months 12 12 18 24 24 24 12
Product Service Life Hours 500 500 600 1100 1350 1500 300
Time Between Service Hours 100 100 150 200 200 250 100
Safety Spark Arrest Feature X 3 X X X X

" Cycle

Device Process Road Vehicle Facility
Log (Project-Specific
Compression)
A
4 |
3 —
2 X
X
X
1 /
/
/
/
/
! Pattern|
\Va . Update
\
1

2 3 4 5




Checking holistic alignment to a pattern

A Gestalt Rules express what is meant by holistic

conformance to a pattern:

I EXpressing

Pattern-Based Systems

Engineerin? !PBSE)

N

Ir
Fat

. Configure,
rove . 9 2

n g ¢
Pattern

----

L

L]

L

L

Individual Product
or System Configurations

Pattern Class Hierarchy

regularities of whol

Governing pattern

Candidate model
configuration i does it
conform to pattern?



Systematica™

The Gestalt Rules

Do more with less

Every component class in the candidate model must be a subclass of a

parent superclassinthe patterndo no A or phan cl asseso.

Every relationship between component classes must be a subclass of a

parent relationship in the pattern, and which must relate parent superclasses

of those same componentclassesd no fnor phan r el at

Refining the pattern superclasses and their relationships is a permissible
way to achieve conformance to (1) and (2).
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Example. State Model Pattern i illustrates how visuva/i s t he ocl
splittingd and orelationship rubber

Class Hierarchy of Dynamic Process Models (Finite State Machines)
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A vehicle pattern in SysML

phkg Features J
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Vehicle Pattern:
Model Organization (Packages)
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Vehicle Physical
Architecture
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pkg Features ]

A

afealures
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afgaturas
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amEature»
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Operation Feature
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Communications Remote Management
Feature Group Access Feature

emalaclasss -
P ehicle Features
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within the limitations of the current design.
This includes support for maintaining

pkg Features ]
armetaclasss .
Foaturo enicie Features
Allribute
Model
afeatures feature wfeaturens afeaturas
Personal Vehicle Coml::er::ial ‘\:’Iehicle Military Vehicle «iaatures En:irlre:r?:ri;tal Cn:'lr:E:'::I;es Vehicle
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Group Application Feature Group Group Compatibility Feature | | | Compatibility Feature Feature
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Vehicle Domain Model

bdd Vehicle Domain J
«Logical Systems»
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Vehicle State Model
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Vehicle Interaction Model

pkg Interactions )
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Vehicle Interactions:
Which Actors Participate in Interaction?

Actors
E i c
& s 2 = T B £ < S8 %
s| o 5. .55 | BB 5 15 3e5| 5|27 g2
52 gl =l % E |& s« = E R i a2 L - P £
Al s | E(uTlmelEfalE DB w=|2EEE SE-o mraAuE | =|2=ERSH
. ] " o o = = = gl= gl ¥ |E @|E S = (w8 5w o = o= [ =T
Interaction E|5|u|d=<|za E|ER2E 2 CaEE R EREs TIESEE |5 (ESEEEH
Mame Interaction Definition - IEIL E:ﬁiiﬂﬂ:Eaﬂiézﬁﬁéﬂéﬁfziiﬁﬂaﬂ Eézajﬂ.tz
Account for The interaction of the vehiche with itz external managers, in which it accounts far wehicle utilization. ¥ | = ¥ | = »® ®
=T an}
Az=pirate The interaction of the vehiche with the Local &tmosphers, through which airis taken into the vehicle for operational purposes, and x %
gaze0us emissions are expelled into the atmosphers.
Attack Hostile | The interaction of the wehicle with an external hostile system, during which the vehicle projects an attack onto the hostile system's »® x®
System condition.
Awioid Obztacle | The interaction of the vehicle with an external object, during which the vehicle minimizes contact with or progimity to the object. . =
Configure The interaction of the wehicle with people or systems that manage its arrangement of configuration For intended use. = LI
Deliver Wehicle | The interaction of the wehicle with the process of its delivery, including manufacture, distribution, and development. This includes
delivery of each configured version and update of the vehicle product line or family.
Interact with The interaction of the vehiche with an external higher level management system, along with the vehicle operator, through which the x ®
Higher Contral | wehicle iz fitinto larger objectives.
Interact with The intearction of the wehicle with another wehicle, inwhich information is exchanged to identify one wehicle to another.
Pl arby ehicle
Interact with The interaction of the vehicle with itz operatar.
Qlperator
Mlaintain System | The interaction of the vehicle with a maintainer andfor maintenance system, through which Faults in the vehicle are prevented or w w | ®
corrected, so that the intended qualified operating state of the vehicle is maintained.
Manage Vehicle | The interaction of the wehicle with its operator andfar esternal management system, through which the performance of the vehicle w | o®
Ferformance is managed ko achieve its operational purpose and objectives.
Mlavigate The interaction of the vehiche with the Global Positioning System, by which the Wehicle track.s i position on the Earth. = =
Ferform The interaction of the vehicle with an external Application Systemn, through which the vehicle performs a specialized application. » »
Application
Perform Dock | The interaction of the wehicle with an external docking system, through which the wehicle arrives at, aligns with, or departs from s
Approach i loading { unloading dock. = 13
Dleparturs
Fiefuel Wehicle | The interaction of the wehicle with a fueling system and its operator, through which fuel is added tothe wehicle, = hi
Ride In Wehicle | The interaction of the wehicle with its occupant(s] during, before, or after travel by the vehicle. x| | X | H
Secure Wehicle | The interaction of the wehicle with external actors that may or may not hawe privilege s bo access or make use of the resources of x| ®
the wehicle, or with actors managing that wehicle security,
Survive Attack | The interaction of the wehicle with an external hostile system, during which the vehicle protects its occupants and minimizes »® x®
damage o itself.
Transport The interaction of the vehiche with a Wehicle Transport System, through which the Wehicle is transparted to an intended destination. . .1
?ave:l Ciwer The interaction of the wehicle with the terrain ower which it travels, by means of which the vehicle moves aver the terrain. w w
efrain
Wiew Vehicle The interaction of the vehicle with an external viewer, during which the viewer obzerves the vehicle. X =

aLogical Systom;
Vahicle
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Vehicle Feature-Interaction Associations
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Logical Architecture Model
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Logical Architecture Model

The vehicle logical subsystem responsible for
managing vehicle-level performance,

bdd Vehiclke Logical A'r:ﬂilE('.ll.l’E‘)

configuration, faults, security, or accounting.
This includes interaction with external
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The vehicle logical subsystem responsible for
transmitting forces and maintaining structural
integrity of the overall vehicle. This includes
smoothing of dynamical forces during travel

across uneven terrain.
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Physical Architecture Model

bdd Vehicle Physical F\'r:hi‘.ec'.lllre)
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Acknowledgement: Influenced by related physical architecture work of John Thomas
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Allocation of Logical Roles to Physical Architecture

Logical Architecture
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Allocation of Logical Roles to Physical Architecture

A Same Logical Architecture covers many Physical Architectures:

Logical Architecture

Sy [/ A‘I;d?tion /R 7E£ R o,

Alidcation

A!Ioc;{lon

Physical Architecture A Physical Architecture B
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Attribute Coupling Model

par Vehicle Range Parametric Diagram )
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Logical Architecture Views
Block Diagram and Design Structure Matrix (DSM)

A The structure shown in these architectural diagrams can
also be expressed in matrix form

I These matrices are known as: N2 matrices, Adjacency Matrices
and Design or Dependency Structure Matrices (DSMs)

I N2because their column and row headings are identical, with the
matrix cells showing fimar kso i nd
components.
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Logical Architecture Views
Block Diagram and Design Structure Matrix (DSM)

A In the case of Logical Architecture:
I The blocks in the LA diagram become rows and columns of the DSM
I The connection lines in the LA diagram become marks in the DSM

A Both views are visualizations of the same information:

I However the functionality has been partitioned into interacting
subsets T Vehicle Functional Roles and Interfaces in this case.
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Physical Architecture Views
Block Diagram and Design Structure Matrix (DSM)

A In the case of Physical Architecture:
I The blocks in the LA diagram become rows and columns of the DSM

I The connection lines in the LA diagram become subsystems or components in
the DSM shown in rows and columns

A Both views provide visualizations of hierarchy

I How the physical system has been partitioned into physical sub-systems that are
physically related (connected, contained, adjacent, etc.)

I The DSM additionally shows the interactions of subsystems
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Domain Structure Matrix (DSM) View of Same

A In the case of Coupled Parameters (attributes):

I Attributes become row and column headings in the DSM

I This includes adding rows and columns to the Logical Architecture
DSM, showing attributes of the Logical Subsystems

I Connection lines in the drawing become marked cells in the DSM

A Both views convey the same information:
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Domain Structure Matrix (DSM) View of Same

A Instead of just showing which attributes are coupled, the DSM (like the
Parametric Diagram) can also symbolize the named Coupling that connects
them:

I This provides a reference to a (separately documented) quantitative coupling
description.

A The

names of the couplings

can be introduced as row and column

headings, sepWe from the rows and columns that list the attribute names:

T This becomes/a

ulti-Domain Matrix (MDM):

par Vehicle Range Parametric Diagram) $root o e o|o|v|e o8 BR|EG RGNS E LSRR
[=]-Feature 1 &) (1 ) 1 |[1s%
. [ Vehicle Features Gz @ o) 2 %
v E-g\fehlcle Performance Feature (&) (1) (4 3 2%
-Range (0 (0o 4 &%l 1
Vs *ﬁm ™~ [=]-- 4 Mattix Couplings 5 15%,
‘ Wehicle Range & 1 el |1
?E Size sehiete fane MPG Enfierfly Yehicle Performance 7 1|8 7
A [=l<Functional Role = 4 1) (12) @ (18 ] B
[ Vehicle Functional Roles & 1) 42 @ (12 =] e
~wehicle Weight (0 (10 w1111 1 e
| -~ #cceleration Profle (oo {11 1 B
~ | [ -MPG Efficiency (1 (1 (1) (1 w1 .
¢ *“%‘ :“Jm{‘””“—‘ [=]wehicle Exterior Structural Subsyst... EFH 13 15%
ﬂki e ehicle Performal - Perodyamic Resistance (1 () W1 ]1]1]1]1 ! )

{ weight clane ~Wind Profle w0 511|111 1 8%

- 2 e [=]-wehicle Propulsion Subsystem 4 @ ) 16 %
5---RDII|ng Resistance [Slow or Sto.. @@ 171 11|11 1 8%

[-J-ehicle Energy Storageand L. (0 (31 (2 40 18 i
~Fuel Tank Capacity [S SUel] c@enin 19 1 111 8%
|:| =l T PRERY 20 8%
Fuel Octane . 21 o
Parametric DSM = EEER R -
e ———————

Diagram
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Requirement Statements
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Travel Over Terrain Vehicle VEH-1137 The vehicle shall be capable of operating 50,000 miles
64 between tire changes.
Travel Ower Terrain Vehicle VEH-1138 The vehicle shall be capable of operating 25,000 miles
65 between air filter changes.
Travel Owver Terrain Vehicle VEH-1139 The vehicle shall be capable of operating 5.000 miles
66 between oil filter changes
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Failure Modes Model

Physical Entity

Faillure Mode

Vehicle ECM Dead ECM

Vehicle ECM Network Connector Open
Vehicle ECM Network Connector Short
Vehicle ECM Erratic ECM

Battery Discharged Battery
Battery Battery Cell Short
Battery Battery Cell Open
Battery Battery Leak

Panel Display Fractured Display

Panel Display llluminator Fail

Bluetooth Module

Module Hard Fall

Bluetooth Module

Transmitter Fall

Bluetooth Module

Receiver Fall
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Filling in the Feature Population Formo
with Stakeholder Needs
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Resulting Auto-Populated Requirements
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2 | Accounting]
Accountability Account for System  |Vehicle Wieage Vehicle VEH-1147  |The system shall record and make available for display the
Feature[Vehicle Mileage Accounting accumulated distance since vehicle manufacture.
3 |Accounting]
Automatic Braking Travel Owver Terrain Wehicle WEH-1132  |The vehicle shall travel under the control of its operator, as to
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Automatic Braking Travel Ower Terrain Vehicle VEH-1133  |The vehicle shall be capable of sustained cruising speed of
System Feature[]. Cost of 80 miles per hour over Class 7C terrain.
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Break out: Practice exercise

A For the Vehicle Pattern:
I Think of some Vehicle Application
i Fill in the Feature Configuration Form for your application
I Did you need any new Features not in the Vehicle Pattern?

A For your own Pattern: Interactions

T Think of a new Interaction between the Vehicle and some Actor
(you can add a new Actor)

I Create an Interaction Diagram
I Write requirements on the Vehicle for this Interaction

A Group Discussion of Exercise
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Applying system patterns

A Example Uses and Benefits:

1.

o 0k W

Stakeholder Features and Scenarios: Better stakeholder alignment
sooner

Pattern Configuration: Generating better requirements faster
Selecting Solutions: More informed trade-offs

Design for Change: Analyzing and improving platform resiliency
Risk Analysis: Pattern-enabled FMEAs

Verification: Generating better tests faster

A At the end: What seems most important?
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1. Stakeholder Features and Scenarios:
Better stakeholders alignment sooner

A Alignment with stakeholders is critical to program success.

A That alignment can be achieved earlier and maintained
stronger using:

I Stakeholder Feature Pattern: Aligns understanding of system
capabilities (base as well as options) and the nature of their value to
stakeholders

I Scenario Pattern: Aligns understanding of the concepts of operations,
support, manufacture, distribution, other life cycle situations; accelerates
alignment of system documentation, training, and communication.

ABoth of these are fApattern coc
from the System Patternd not separate and unsynchronized
iInformation.
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1. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example

A Concept: The Feature Pattern is a powerful tool for establishing Stakeholder
Requirementsdas a Aconfigurationo of Fea

A By fdconfigurationd, we mean that ir
(1) either populated or de-populated, and (2) their Feature Attributes
(parameters) are given values: Pattérii-Based Systeims

Engineerin? !PBSE)

System Families

T

-
8
3 | e s
- .
I | I f 1
e
Individual Product '
or System Configurations :

wﬁ- -----

Pattern Class Hierarchy

A These can be expressed (1) as configured Feature objects and their attribute
values or (2) as sentence-type statements if desired, but in any case the
degrees of freedom (stakeholder choices) are brought into clear focus.

page 63



Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example

phg Features |

= Feature Pattern

Operation Feature

Populates the
guestions & issues

Stakeholder
Interview
Template

'''''

Stakeholder
Requirements
Document

U

Stakeholder
Interview
Process

N

- Generates
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1. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example
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1. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example

(™ e AR Stakeholder Requirements Document V1.2.1 - Microsoft Word = =
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Military Vehicle Configuration Baker N Positioning System signals.
- 12.2.2 Map Location Display
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- 12.2.4 Central Mission Route Download
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1. Using the Feature Pattern to Rapidly Capture
& Validate Stakeholder Requirements

A Benefits:

A more complete set of stakeholder requirementsd reduce omissions;
Stronger alignment with stakeholders, soonerd surface issues earlier;
Pattern identifies classes of stakeholders that might have been missed,;

Pattern makes very clear the difference between Stakeholder
Requirements versus Design Constraints or Technical Requirements;

I The Pattern provides a clear place to accumulate new learning (e.g.,
additional Features);

I Sets up subsequent uses of Feature Pattern in support of Trade Space,
Risk Management, F ME A 0 e f f ether applicatioasn d

A No free lunch:

Interviewer needs to be knowledgeable about the Features;
Stakehol der s wonot o fmdtheaigharépresentditiee; a
Stakeholder representatives need know they are formal representatives;
The Feature Pattern needs to be relatively complete.
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How do | know whether | have all the Features?

A This is why we use a Pattern!
I Moves problem to the builder of the original pattern, plus maintainer.

A Related key points for the builder of the Feature Pattern:
i First, identify all the Stakeholder classes
I Then, all the Features for each Stakeholder class
I Validate the Features with their Stakeholder Representatives
I Then, make sure all the Interactions are reviewed for associated Feature value
I There are well-known abstract Feature classes (e.g., Maintainability)

A Every time we discover another Feature, we add it to the

Pattern; for example:

I Every argument / decision should invoke trade space Features as its ultimate
rationale i a new one might appear during an argument.

I Every impactful Failure Mode should cause Feature impacting Effects T a new
one might appear while discussing a Failure Mode.
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1. Using the Interactions & States Pattern to Rapidly
Generate & Validate Scenarios: An Example

A Concept: Scenarios can be efficiently generated, as single
thread tracings through the configured pattern State Model;

AEach scenario fitells a stéry
operations, maintenance, or other CONOPS type view,;

A Early in life cycle: Stakeholders validate (or give feedback)
scenario;

A Later in life cycle: Generates base data for training and
documentation, as well as test plans;

A Akin to typical Use Case process, but easier maintained
ongoing as a part of the configured pattern;

A Reference: Operational Views (OV)
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1. Using the Interactions & States Pattern to Rapidly
Generate & Validate Scenarios: An Example

= Interactions &

Operational
(or other)
Scenario Model

Populatés States,
Interactions

Scenario
Validation
Process

Concept of
Concept of

Concept of
Operations
Document

Generates
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1. Using the Interactions & States Pattern to Rapidly
Generate & Validate Scenarios: An Example

Scenario plan as state model tracing:

stant Up Vahicle

N/ ( Started

Vehicle Starting Up \

Manufacture
Completed

Being
Transported
Transport Vehicle

Interact with Operatar
irate

Manage Vehicle Parformance
Vehicke Start \Secure Vehicle

Transport Abarted
Complated

Wehicle Start
Failed

Vehicle Shut Down

Vehicle Shutting Down

Vehicle kdling )
Stan Secure Vehicle Veticle
Transport ! i Interact with Operatar Idle Criter
Interact with Operator Interact with Operatar
P Aspirate pirate Mat
Service Manage Wehicle Performance Manage Var_ucle Performance
Started _ Secure Vehicle Secure Vehicle
Vehicle Navigate =
Shut Down jith Higher Control
Completed 7
Service
Completed
R::luesled Vehicle Idle Critenia Exited
e Operating ™\
Being Fueled
Fullg  saliage e
icle Completed Starad Vehicle Interact with Nearby Vehicla
Shut Down Interact with Operator
Requested Navigate
Interact with Higher Control
Being Salvaged Manage Vehicle Performance
Account for System
\ Application Shut
Salvage Stopping Movemen Down Requested
Complete ‘Completed Started Steady State

Performing
Application

Cruise Started

Starting Up
Application

hutting Down

Stopping

Contral Vehicle Direction

Maintain Position

Perform Application
Jravel Over Terrain N
Vehicle Entry Begin Travel Over Terrain Control Veh!cle Direction
Completed lehicle Exit Control Vehicle Speed Applcati Restart Application
Abort Control Vehicle Powsr Application Shut e o eduasied
Stopping Travel Over Terrain Dawn Completed @ Refques!
Entering Vehicle In Vehicle Initiate Stop Frri
While Getting Underway’ pplication Shul . —\‘_/ pplication
View Vehicle Ride In Vehicle View Vehicle Maneu Down Application ldle Started
iew Vehicle Initiate Stop [ Performing Maneuvers N Started
hile
Manuevering Control Wehicle Direction
Control Vehicle Speed
Begin Vehicle Exit Control Vehicle Powsr Relurned to
Vehicle Entry Complated

Travel Over Terrain

Cauising
Avoid Obstacle

Application Shut

Maneuver Down Requested

_———
Started

Apglication Slallup_/

y. Requested

J
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1. Using the Interactions & States Pattern to Rapidly
Generate & Validate Scenarios: An Example

Scenario plan as sequence diagram and requirements:

sd Navigation Scenario)

Operator

Vehicle

Global Positioning

Higher Level Management

Local Terrain

System System: Mission System
\ | \ \ |
\ | \ \ |
‘ ' \ \ |
ref | Secure Vehicle \ \ |
\ | \ \ |
ref | Interact with Operator } } :
| | | | |
ref | Interact with Higher Control |
\ I \ \ |
par | | | | !
ref | Interact with Operator ‘ } } :
| I ‘ \ |
ref | Navigate | |
\ | \ \ |
ref | Interact with Operator ‘ } } :
| | | | |
| | | | |
ref | Travel Over Terrain |
\ | \ \ |
ref | Control Vehicle Direction !
i | ‘ State Interaction Capability Actor Req ID Requirement
T I T Operating Navigate Central Mission Vehicle VEH-1031 |The system shall allow the operator to select a pre-stored route for travel on a mission.
‘ | | Route Download
I| Operating Navigate Trip and Mission | Vehicle VEH-1032 |The system shall calculate and display a recommended route to an operator-specified destination from
Route Display and the current location, providing turn-by-turn en route directions and progress tracking.
Directions
Operating Navigate GPS-based Vehicle VEH-1029 |The system shall sense the location of the vehicle by accessing the Global Positioning System (GPS)
Location Sensing satellite constellation and computing location on the surface of the earth, accurate to 10 feet.
Operating Navigate Map Location Vehicle VEH-1030 |The system shall display position of the vehicle on a pre-stored graphic map presentation, including major
Display road and geographic features, updating while enroute to reflect travel of the vehicle.
Operating Navigate GPS-based Vehicle VEH-1033 [The system shall display to the vehicle operator a location confidence indicator, signaling whether
Location Sensing accurate GPS location sensing is currently available.

page 72




1. Using the Interactions & States Pattern to
Rapidly Generate & Validate Scenarios

A Benefits:

A more complete set of scenariosd reduces omissions;
Easier to generate from pattern;

Easier to keep consistent with configured system model as it evolves
over the delivery and life cycle;

Valuable not only for initial validation, but also as seed information for
generation of system training, documentation, SOPs;

As system requirements are configured, becomes progressively more
detailed,;

The Pattern provides a clear place to accumulate new learning (e.g.,
additional Scenarios);

A No free lunch:

The State and Interaction Pattern needs to be relatively complete.
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2. Using Pattern Configuration to generate
better System Requirements faster. Example

A Concept: Configured System Requirements can be semi-
automatically generated from Configured Features, using
the System Pattern;

A Low dimensionality / degrees of freedom choices in Feature
stakeholder space imply higher dimensionality / degrees of
freedom choices in Requirements space:

I The difference is made up by relationships encoded in the Pattern.
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2. Using Pattern Configuration to generate better
System Requirements faster: Example

Configured System
System _ Requirements
Features Requirements Document

Configuration
Process

Populates Requirements

_ | | System
and Requirements Attributes System Pattern

Requirements
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Pattern

Configured Pattern (Model)

A The S*Pattern links Features to Requirements:
:

This means that populating a configuration of Features can
automatically populate a configuration of Requirements--
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2. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example

Populating / depopulating Features:
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2. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example

Configuring Features: Setting Feature Attribute Values

(]| Lg - e = PBSE Workbook V5.8 PBSE Vehicle Pattern V1.2.31 [Compatibility Mode] - Microsoft Excel | = | e S|
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45
Security Feature Security  Physical Access |Security Physical Access
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49 Ride] Road surface travelled at 55 MPH.
Passenger Comfort Ride In Vehicle Seat Comfort Wehicle VEH-1174  |Seat comfort for vehicle passenger seats shall comply with
43 Feature Group[Seat the Ergo Seat 55A standard for vehicles.
Reliability & Awailability  |Travel Ower Terrain Reliability Vehicle VEH-1168  |The basic transport functions of the vehicle shall be available
Feature[] Awailabilty for use with scheduled down time not to exceed 60 hours per
- year, when subject to planned maintenance.
Reliability & Awailability  |Travel Owver Terrain Reliability Vehicle VEH-1168  |The basic transport functions of the vehicle shall be available
Feature[] Availability for use with scheduled down time not to exceed 10 hours per
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Reliability & Availability  |Travel Over Terrain | Reliability Vehicle VEH-1170  |The basic transport functions of the vehicle shall be
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assuming planned maintenance is provided.
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assuming planned maintenance is provided.
47
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A Resulting Requirements:
Attribute values can also be set, in line or in tables . . . .
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2. Using Pattern Configuration to generate
better System Requirements faster: Example
A Requirements Attribute Value Setting:
I A part of the configuration process

I Example: Cruise Control Speed Stability
.

In PBSE, requirements attribute value setting can be manual, semi-
automatic, or automatico in all cases, driven by Feature Attribute
Values and Attribute Couplings:
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2. Using Pattern Configuration to generate
better System Requirements faster: Example

In general, Configuration Rules are found in the Relationships that associate
the model Classes, and also those that associate the model Attributes:
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2. Using Pattern Configuration to generate
better System Requirements faster

A The scope of a System Pattern can include more
than Requirements:

I Design Patterns include Physical Architecture,
Requirements Decomposition, Requwements Allocations:
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2. Using Pattern Configuration to generate better
System Requirements faster

A PBSE processes continuously improve the content of the
pattern, accumulating lessons for use in future projects:

Pattern Management Process

Trial Updated Pattern

Pattern Update
Process

D
Trial Pattern
Updates

= : Iteration
Pattern Configuration Learning

Trial Run Process Loop

Trial Difference
Configuration Feedback

Comparison )
Process Differences AnalySlS PI'OCESS
Audit

Learnings: | “As Adjusted” Configuration Pattern

Application Project (Pattern Confighration Process)

i : Manual Proj
Project Deliverables Giaia o;ect-
Generation Process | RTTRIE RN T Configuration Configuration
e Adjustment Process Process
Project Configuration ) Configured

Data Project Data
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3. Selecting Solutions
More Informed Trade-offs

Introduction:

Understanding trade-offs are an essential and critical
part of engineering systems

Trades include many formalized methodologies to
make informed decisions

Trade-offs seek to:

I Identify practical alternatives / optimal solutions
I Resolve conflicting objectives

I Account for the full spectrum of stakeholder needs
to ensure a balanced system solution

I Methods incorporate identifying/defining
stakeholders, requirements, values, attributes,
metrics, costs, governing equations, interactions
etc.

1. Bullets from MIT, ESD.77 MDO Course, Oli deWeck
2. SEARI Ref: http://seari.mit.edu/short courses.php#value
3. Defense Acquisition University SE Handbook Trades Studies process page 84




